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REMARKS 

Status of the Claims 

Claims 15-43 are currently pending. Claims 1-14 have been canceled without prejudice 
or disclaimer of the subject matter claimed therein. Claims 26-38 are withdrawn from 
examination as being directed to a separate invention. New claims 39-43 have been added. New 
claims 39-43 are dependent from claim 15, 16, 22, 24, or 25, and are directed to the same 
invention as claims 15-25. Thus, new claims 39-43 should be examined with claims 15-25. 

Support for New Claim 

Claims 15, 21, 22, and 26-35 have been amended. These claims have been amended to 
delete the word "receptor" after "KDR/Flk-1", since "KDR/Flk-1" is the name of the receptor. 



New claims 39-43 have been added. Support for these new claims can be found 
throughout the specification. Representative support is summarized in the table below. 



Claims 


Representative Support 


39 


Page 3, line 13 


40 


Page 8, line 21 


41 


Page 9, lines 25 and 26 


42 


Claim 24 


43 


Claim 25 



New claims 39-43 do not introduce prohibited new matter. 

Takahashi et ql and Lack of Unity Requirement 

The Office Action alleges that the invention of Group II (now claims 15-25) was found to 
have no special technical feature that defined a contribution over the prior art of Takahashi et al. 
(Takahashi). 

Applicants respectfully point out that Takahashi teaches that Yl 175, but not Yl 2 14, 
plays a crucial role in the transduction of signals to the MAP kinase pathway and DNA synthesis 
of endothelial cells (page 2769, left column, first paragraph). Thus, Takahashi teaches away 
from obtaining a probe that binds the Yl 2 14 site on KDR/Flk-1 for detecting activation of 
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KDR/Flk-1 . Accordingly, claims 15-43 define a contribution over the prior art of Takahashi, and 
claims 15-43 relate to a single inventive concept under PCT Rule 13.1 and should be examined 
together. 

Rejection Under 35 U.S.C. § 1 12, First Paragraph 

A. Claims 15-25 are rejected under 35 U.S.C. § 1 12, first paragraph, because the 
specification allegedly does not provide reasonable enablement for the scope of the claims. 

The claims as they stand require that the probe detects activation of KDR/Flk-1 and binds 
tyrosine residue Y1214 of KDR/Flk-1. Thus, the claims are not directed to any probe. The 
specification discloses that binding proteins and binding partners are known in the art to bind 
tyrosine residues on tyrosine kinase receptors and capable of detecting activation of tyrosine 
kinase receptors. Moreover, the specification discloses antibodies as an example of a binding 
protein. The specification provides methods for generating antibodies and assays for testing 
antibodies to determine whether they bind the tyrosine residue of Y1214 of KDR/Flk-1. 

The Office Action alleges that the specification does not enable the scope of the claims 
because the specification only discloses monoclonal and polyclonal antibodies that detect 
activation of KDR/Flk-1. Applicants respectfully point out that antibodies are an example of a 
probe that can detect activation of KDR/Flk-1 and binds tyrosine residue Y1214 of KDR/Flk-1. 
Other examples of probes that bind phosphorylation sites of a tyrosine kinase receptor and detect 
the activation of the receptor are well known in the art. They include binding proteins or binding 
partners that interact with tyrosine residues. 

The Office Action also alleges that there is no in vivo working example for a 
pharmaceutical composition comprising a probe effective for treating any and all diseases. 
However, MPEP 2164.02 states that compliance with the enablement requirement does not turn 
on whether an example is disclosed. MPEP 2164.02 also states that Applicants need not describe 
all actual embodiments, since only an enabling disclosure is required. Further, the specification 
need not contain an example if the invention is otherwise disclosed in such manner that one 
skilled in the art will be able to practice it without undue experimentation. In re Borkowski, All 
F.2d 904, 908, 164 USPQ 642, 645 (CCPA 1970). 

Moreover, antibodies that act as inhibitors of tyrosine kinase receptors activity are well 
known and some even have been approved by the FDA for treating cancer. For example, Erbitux 
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is a monoclonal antibody that targets epidermal growth factor receptors (see attached Baselga, 
Eur. J. Cancer, 37:S16, 2001), and Erbitux has been approved by the FDA for treating colon 
cancer (see attached UAB Media Relations). Erbitux binds the epidermal growth factor 
receptors and blocks ligand-induced EGFR phosphorylation. Avastin is another example of a 
monoclonal antibody that has been approved by the FDA for the treatment of cancer. Avastin 
has been approved for the treatment of colorectal cancer (see attached FDA News). 

Also, YcomlD3, a monoclonal antibody against human VEGFR II, has been shown to be 
efficient in neutralizing VEGF-induced mitogenesis of human endothelial cells (see attached Li 
et a/., Acta Pharmacol Sin. 25(10):1292, 2004). IMC-1C1 1, an anti-KDR antibody, has been 
reported to block VEGFR-KDR interaction and inhibit VEGFR-induced endothelial cell 
proliferation and to be safe and well tolerated by patients with liver metastases from colorectal 
carcinoma in a phase I study (see attached Posey et a/., Clinical Cancer Research, 9:1323, 2003). 
Additionally, DC101, an anti-VEGFR-II antibody, has been reported to suppress contact 
hypersensitivity (see attached Watanabe et a/., Experimental Dermatology 13:671, 2004). Thus, 
antibodies have been shown to be effective as pharmaceutical agents for in vivo use and for the 
treatment of diseases. 

The Office Action alleges that the specification does not teach the chemical structure of 
any probe and does not provide assays that are useful for obtaining such a probe. Additionally, 
the Office Action alleges that the claims do not teach all peptides "comprising" Yl 2 14 of the 
KDR/Flk-1 for generating the claimed probes. As discussed above, the specification provides 
antibody as an example of the claimed invention. The specification provides methods for 
generating antibodies that bind tyrosine residue Y1214 of KDR/Flk-1 and detect activation of 
KDR/Flk- 1 and assays for detecting whether the antibodies bind KDR/Flk- 1 and whether the 
antibodies inhibit KDR/Flk-1 activity. These methods and assays are also well-known to a 
person of ordinary skill in the art. Moreover, as discussed on page 5, lines 18-31, assays that are 
useful for detecting or measuring a change in the activation state of KDR/Flk-1 include 
fluorimetric assays, chromogenic assays, radiolabelling assays, and chemiluminescence assays 
which are routinely used by a person of ordinary skill in the art. Takahashi also discloses assays 
for detecting activation of KDR/Flk-1. 

Further, the claims require that the probes not only bind tyrosine residue Y1214 of 
KDR/Flk-1 but also detect activation of KDR/Flk-1. Thus, the claims are not directed to any 
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probe but only those that bind tyrosine residue Y1214 of KDR/Flk-1 and detect activation of 
KDR/Flk-1 . Given that assays for determining whether a probe binds the Y1214 of KDR/Flk-1 
and whether a probe can detect the activation of KDR/Flk-1 are well known and described by the 
specification, one would be able to obtain the probes encompassed by the claims and the peptides 
comprising SEQ ID NO: 1 or 2 useful for generating antibodies encompassed by the claims. 
Thus, the specification enables one of ordinary skill in the art to obtain such probe without undue 
experimentation. 

Additionally, anti-phosphotyrosine antibodies are known in the art. Some representative 
examples of such antibodies include 4G10 (see page fig. 2 of Ganju et al, J. of Virology, 
72(7):6131, 1998), 5E2 (see fig. 2 of Redemann et ah, Mol. and Cell. Biology, 12(2):491, 1992), 
and PY20 (see fig. 2 of Prochazka et al. Biology of Reproduction, 68:797, 2003). 

Given that there is guidance in the prior art and in the specification for obtaining anti- 
phosphotyrosine antibodies, it would not require undue experimentation to obtain peptides 
comprising SEQ ID NO: 1 or 2 for generating antibodies that bind the Y1214 residue of 
KDR/Flk-1. It is within the skill of the artisan to obtain peptides comprising SEQ ID NO: 1 or 2 
useful for generating an antibody that binds the Yl 2 14 residue of KDR/Flk-1 and to determine 
whether an antibody generated by such peptide can bind the Yl 2 14 residue of KDR/Flk-1 and 
detect the activation of KDR/Flk-1, given the assays provided by the specification. Moreover, 
given the guidance provided by the specification and the prior art, it is within the skill of the 
artisan to obtain antibodies generated from peptides comprising SEQ ID NO: 1 or 2. Also, it 
would not require undue experimentation to determine whether antibodies generated from 
peptides comprising SEQ ID NO: 1 or 2 are able to bind the Y1214 residue on KDR/Flk-1 
because it would be routine to test for the binding of such antibodies to the Yl 2 14 residue on 
KDR/Flk-1 given the assays provided in the specification. 

Furthermore, Applicants respectfully assert that given the guidance provided by the 

specification and what is known in the prior art, it would only require routine experimentation to 

obtain the probes or the peptides for generating antibodies encompassed by the claims. It is well 

settled that routine experimentation should not be considered as undue in an enablement 

assessment. As stated in Ex parte Jackson and confirmed in Ex parte Forman, the court held: 

The test is not merely quantitative, since a considerable amount of 
experimentation is permissible, if it is merely routine, or in the 
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specification in question provides a reasonable amount of guidance 
with respect to the direction in which experimentation should proceed 
to enable the determination of how to practice a desired embodiment of 
the invention. Because the present specification provides ample 
guidance and the experimentation is routine, the claims are in 
compliance with the section 1 12 first paragraph requirement. 

Ex parte Jackson 217 USPQ 804 (Bd. Pat. App. 1982). 

Applicants respectfully point out that since it is routine to test whether antibodies 

generated using peptides comprising SEQ ID NO: 1 or 2 bind the Yl 2 14 residue on KDR/FLk-1 , 

given the assays provided by the specification, the specification enables the scope of the claims 

and Applicants should not be limited to antibodies generated by peptides consisting of SEQ ID 

NO: 1 or 2. Given that an infringer could design around the claimed invention by generating an 

antibody from a peptide by adding one amino acid to SEQ ID NO: 1 or SEQ ID NO: 2, claims 

directed to antibodies generated by peptides consisting of SEQ ID NO: 1 or 2 would not provide 

adequate protection to Applicants. The court in In re Goffe explained that the claims must 

provide adequate protection to inventors: 

For all practical purposes, the board would limit appellant to claims 
involving the specific materials disclosed in the examples, so that a competitor 
seeking to avoid infringing the claims would merely have to follow the disclosure 
in the subsequently-issued patent to find a substitute. However, to provide 
effective incentives, claims must adequately protect inventors. To demand that 
the first to disclose shall limit his claims to what he has found will work or to 
materials which meet the guidelines specified for "preferred" materials in a 
process such as the one herein involved would not serve the constitutional 
purpose of promoting progress in the useful arts. 

In re Goffe 542 F.2d 564, 191 USPQ 429, 431 (CCPA 1976). Accordingly, the specification 
enables the claimed invention. 



B. Claims 15-25 are rejected under 35 U.S.C. § 1 12, first paragraph, as failing to comply 
with written description requirement. 

Applicants respectfully point out that claims 15-25 as they stand are directed to an 
isolated probe that detects activation of KDR/Flk-1 and binds tyrosine residue Y1214 of the 
KDR/Flk-1. The claims recite both structural and functional features to describe the claimed 
probe. 
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The Office Action alleges that "a probe without a nucleotide sequence or chemical 
structure has no structure much less function." Applicants respectfully point out that the claims 
by requiring the probe to bind tyrosine residue Y1214 of KDR/Flk-1 and to detect activation of 
KDR/Flk-1 provide a structure and function for the probe. The probe must have a certain 
structure to bind tyrosine residue Y1214 of KDR/Flk-1. The function of the probe is to detect 
activation of KDR/Flk-1. 

The Office Action also alleges that the term "peptide comprising" is "open-ended" 
encompassing various peptides and that the specification fails to provide a representative number 
of species of "probe." The Office Action cites University of California v. Eli Lilly and 
University of Rochester v. G.D. Searle. However, in contrast to the claims in the cited cases, the 
claims of the present application require that the probe bind tyrosine residue Y1214 of KDR/Flk- 
1 and detect activation of KDR/Flk-1. Thus, the claims are not directed to a broad genus of 
probes. 

Moreover, the MPEP 2163 states that disclosure of any combination of identifying 
characteristics that distinguish the claimed invention from other materials would lead one of skill 
in the art to the conclusion that the applicant was in possession of the claimed species is 
sufficient and that an inventor is not required to describe every detail of his invention because an 
applicant's disclosure obligation varies according to the art to which the invention pertains. In 
the present case, the claims recite identifying characteristics such as binding to Y1214 of 
KDR/Flk-1 and detect activation of KDR/Flk-1. The inventors discovered that Yl 124 plays a 
role in signal transduction from KDR/Flk-1 to the MAP kinase pathway and in the DNA 
synthesis in endothelial cells. 

Further, the claims are not directed to peptides comprising Y1214 of KDR/Flk-1. These 
peptides are used to generate antibodies that bind Y1214 of KDR/Flk-1 and detect activation of 
KDR/FLK-1 . The claims are directed antibodies that bind Y1214 of KDR/Flk-1 and detect 
activation of KDR/Flk-1, to methods of generating such antibodies, and to methods of using such 
antibodies. KDR/Flk-1 is a known tyrosine kinase receptor. The nucleic acid encoding 
KDR/Flk-1 has been isolated and its amino acid sequence has been determined. Although prior 
to the present discovery it was not known which tyrosine residue on KDR/Flk-1 is involved in 
the activation of the receptor, the structure and function of KDR/Flk-1 was known. Accordingly, 
the specification provides adequate description of the claimed invention. 



l-WA/2730352.1 



Attorney Docket No. 056291-5181 
Application No. 10/507,164 

Page 12 

Rejection Under 35 U.S.C. § 1 12, Second Paragraph 

Claims 15-25 are rejected under 35 U.S.C. § 1 12, second paragraph as being indefinite 
for failing to particularly point out and distinctly claim the subject matter which applicant 
regards as the invention. 

Applicants respectfully point out that as explained on page 9, lines 25-30 of the 
specification, the Terman et al. reference discloses that the tyrosine residue at position 1215 
instead of 1214 because the sequence begins with an initiator methionine. It is clear that the 
tyrosine residue is at position 1214 when the initiator methionine is not present, as evidenced by 
Takahashi (Embo Journal, 2001, 20(1 1):2768). A quick internet search on Google also indicates 
that tyrosine at position 1214 on KDR/Flk-1 is well known (see attached search results from 
Google). Thus, claims 15-25 are not indefinite. 

Rejections Under 35 U.S.C. § 103(a) 

A. Claims 15-20 and 22-25 are rejected under 35 U.S.C. § 103(a) as being unpatentable 
over Takahashi et al (Takashi) in view of Harlow et al (Harlow). 

The claims as they stand are directed to an isolated probe that detects activation of 
KDR/Flk-1 and binds tyrosine residue Y1214 of KDR/Flk-1. The present invention is based in 
part on the discovery by the inventors that tyrosine at position 1214 of KDR/Flk-1 plays an 
important role in the transduction of signals from the receptor to the MAP kinase pathway and in 
DNA synthesis in endothelial cells. 

In contrast to the present invention, Takahashi teaches that Yl 175, but not Yl 2 14, plays 
a crucial role in the transduction of signals to the MAP kinase pathway and DNA synthesis of 
endothelial cells (page 2769, left column, first paragraph). Thus, Applicants respectfully point 
out that Takahashi teaches away from obtaining a probe that binds the Y 12 14 site on KDR/Flk-1 
for detecting activation of KDR/Flk-1. 

The Office Action alleges that tyrosine phosphorylation of Y1214 may be important for 
other signaling pathways of VEGF-1 in endothelial cells such as the stimulation of chemotaxis, 
cell survival, or the regulation of gene expression. However, Applicants respectfully point out 
that Takahashi specifically states on page 2775, "whether tyrosine phosphorylation of Y1214 is 
important for other signal pathways of VEGF-1 in endothelial cells, such as the stimulation of 
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chemotaxis, cell survival, or the regulation of gene expression remains to be elucidated ." Thus, 
Takahashi does not teach or suggest that tyrosine phosphorylation of Y1214 is important for 
other signal pathways. Rather, the experimental results of Takahashi indicate that Y1214 on 
KDR/Flk-1 is not involved in the transduction of signals to the MAP kinase pathway and in 
DNA synthesis in endothelial cells. 

The Office Action also alleges that given the teachings of Takahashi, one would have the 
motivation to make the claimed probe. Applicants point out that the claims as they stand are 
directed to a probe that not only binds tyrosine residue Y1214 of KDR/Flk-1, but also detects 
activation of KDR/Flk-1. Moreover, prior to Takahashi's work, it was known that KDR/Flk-1 
utilizes the MAP kinase pathway as the major signaling pathway and that tyrosine residues on 
KDR/Flk-1 are autophosphorylated in response to VEGF-A. Thus, Takahashi performed 
experiments to better understand the signal transduction mechanism of KDR/Flk-1 and 
discovered that Y1214 of KDR/Flk-1 was not involved in the transduction of signals to the MAP 
kinase pathway. Accordingly, given the results obtained by Takahashi, one would not have been 
motivated to obtain a probe that that binds tyrosine residue Y1214 for detecting activation of 
KDR/Flk-1, since activation of KDR/Flk-1 does not involve the phosphorylation of tyrosine 
residue Yl 2 14. 

Harlow discloses methods of producing antibodies to any antigen of interest. However, 
Harlow does not cure the deficiencies of Takashi. Harlow neither teaches a probe that binds the 
tyrosine residue Y1214 of KDR/Flk-l and detects activation of KDR/Flk-1 nor provides the 
motivation for obtaining such a probe. 

Accordingly, neither the combination of the cited references nor each of the references 
individually renders the claimed invention obvious. 

B. Claim 21 is rejected under 35 U.S.C. § 103(a) as being unpatentable over Takahashi 
et al. (Takahashi) in view of Harlow et al. (Harlow) as applied to claims 15-20 and 22-25 and 
further in view of U.S. Patent 6,204,01 1 ('01 1). 

Claim 21 is directed to a kit for detecting the activation of KDR/Flk-1 . 

The deficiencies of Takahashi and Harlow are discussed above. U.S. Patent '01 1 does 
not cure the deficiencies of Takahashi and Harlow. U.S. Patent '01 1 is relied upon for teaching a 
kit comprising a human KDR protein. However, U.S. Patent '01 1 neither teaches a probe that 
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binds tyrosine residue Y1214 of KDR/Flk-1 and detects activation of KDR/Flk-1 nor provides 
the motivation for obtaining such a probe. 

Accordingly, the cited references do not render the claimed invention obvious. 



The foregoing amendments and remarks are being made to place the application in 
condition for allowance. Applicants respectfully request entry of the amendments, 
reconsideration, and the timely allowance of the pending claims. A favorable action is awaited. 
Should an interview be helpful to further prosecution of this application, the Examiner is invited 
to telephone the undersigned. 

If there are any additional fees due in connection with the filing of this response, please 
charge the fees to our Deposit Account No. 50-03 10. If a fee is required for an extension of time 
under 37 C.F.R. §1.136 not accounted for above, such an extension is requested and the fee 
should also be charged to our Deposit Account. 



Conclusion 



Respectfully submitted, 
Morgan, Lewis & Bockius LLP 



Date: April 4, 2007 

Morgan, Lewis & Bockius LLP 

Customer No. 09629 

1111 Pennsylvania Avenue, N.W. 

Washington, D.C. 20004 




Tel: 202-739-3000 
Fax: 202-739-3001 
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Abstract 

The anti-epidermal-growth-factor-receptor (EGFR) monoclonal antibody cetuximab specifically binds to the EGFR with high 
affinity, blocking growth-factor binding, receptor activation and subsequent signal-transduction events leading to cell proliferation. 
Preclinical studies, both in vitro and in vivo, have shown that cetuximab enhances the antitumour effects of chemotherapy as well as 
radiotherapy by inhibiting cell proliferation, angiogenesis and metastasis and by promoting apoptosis. As of June 2000, 526 
patients with advanced solid tumours were treated with cetuximab in phase I/II clinical trials. Analysis of the results of three phase I 
trials showed that cetuximab has non-linear pharmacokinetics, with saturation of drug-elimination pathways occurring at doses 
between 200 and 400 mg/m 2 . Adverse-event data for 239 patients across most of the completed or ongoing phase I— III trials indi- 
cated that the antibody was generally well tolerated. Cetuximab has been evaluated both alone and in combination with radio- 
therapy and various cytotoxic chemotherapeutic agents in a series of phase I/II studies that primarily treated patients with either 
head and neck or colorectal cancer. Although not a primary objective of these studies, clinical responses to cetuximab were 
observed in many patients who had previously failed chemotherapy and/or radiotherapy or were otherwise unlikely to achieve a 
therapeutic outcome. Based on these promising results, additional phase II and phase III trials are currently underway in head and 
neck and colorectal cancer. © 2001 Elsevier Science Ltd. All rights reserved. 

Keywords: Antibodies; Monoclonal; Antineoplastic agents; Chimeric proteins; Cisplatin; Colorectal neoplasms; Drug; head and neck neoplasms; 
Receptor, Epidermal growth factor 



1. Introduction 

Decades of research investigating the molecular basis 
of cancer have produced a new generation of promising 
therapies designed to target specific molecular processes 
that promote tumour growth and survival. One of the 
first important milestones in the development of these 
novel antitumour agents was the concept of therapy 
based on inhibiting activation of the epidermal growth 
factor receptor (EGFR). The EGFR is a transmem- 
brane receptor tyrosine kinase stimulated by growth 
factors, such as transforming growth factor (TGF)-a or 
EGF, that bind to the extracellular domain of the 
receptor (reviewed in Ref. [I]; Fig. la). Ligand binding 
induces receptors to dimerise and activates the intracel- 
lular kinase domain present on each receptor, resulting 
in phosphorylation of tyrosine residues on each member 
of the receptor pair. Signalling complexes then form in 
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the cytoplasm and activate gene transcription, which in 
turn induces responses such as cell proliferation. Ulti- 
mately, receptor-ligand complexes are internalised and 
the signal is terminated. 

The concept of the EGFR as a therapeutic target 
developed from several key observations made both at 
the laboratory bench and in the clinic. First, preclinical 
studies showed that EGFR activation promotes multi- 
ple tumorigenic processes, stimulating proliferation, 
angiogenesis and metastasis as well as protecting cells 
from apoptosis (reviewed in Ref. [2]). In addition, Sato 
and colleagues [3] found that monoclonal antibodies 
(MAbs) directed against the EGFR inhibited EGF- 
induced cell proliferation. Finally, clinical evaluations 
showed that many different types of solid tumours 
exhibit elevated levels of EGFR and/or its ligands, both 
of which are often associated with aggressive disease 
and poor patient outlook [4]. 

This has led to the development of a number of anti- 
EGFR strategies that target different components of the 
EGFR signalling network or cells that express EGFRs. 

reserved. 
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For example, tyrosine-kinase inhibitors block signal 
transduction by inhibiting the intrinsic kinase activity of 
the EGFR, while ligand-toxin conjugates activate 
EGFRs and then, when the ligand and its toxic cargo 
are internalised, kill EGFR-expressing cells. Antisense 
approaches are also being developed to inhibit the 
synthesis of growth factors or their receptors. This 
review focuses on one of these therapeutic strategies — 
using anti-EGFR MAbs to block EGFR function. 



2. Cetuximab— a chimeric anti-EGFR MAb 

Cetuximab (also known as C225) is a chimeric MAb 
that specifically binds to the EGFR with high affinity, 
preventing the ligand from, interacting with the receptor 
(Fig. lb). It has a higher affinity for the EGFR than 
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Fig. I . Epidermal growth factor receptor (EGFR) signal transduction 
and cetuximab. (a) EGFR signal transduction is initiated when growth 
factor induces receptor dimerisation and phosphorylation. A transient 
signalling pathway composed of effector and adapter proteins forms in 
the cytoplasm and activates gene transcription. The EGFR signalling 
network then stimulates multiple cellular responses including pro- 
liferation, survival, angiogenesis and metastasis. MAPK, mitogen- 
activated protein kinase; PI3K, phosphatidyl inisitol-3-phosphate 
kinase, (b) The chimeric anti-EGFR monoclonal antibodies, cetuximab, 
binds to the EGFR with high affinity, blocking growth factors from 
both accessing the receptor and stimulating EGFR signal transduction 
pathways. 



either TGF-a or EGF and effectively blocks ligand- 
induced EGFR phosphorylation [5]. Preclinical studies 
have shown that cetuximab also inhibits growth-factor- 
induced activation of the downstream mitogen-acti- 
vated protein kinase (MAPK). There is a strong corre- 
lation between cetuximab concentrations sufficient to 
block MAPK activation and those that inhibit cell pro- 
liferation [6], raising the possibility that MAPK phos- 
phorylation may serve as a useful pharmacodynamic 
marker in clinical studies. 

In addition to preventing ligand from binding to the 
receptor, there is also evidence suggesting that cetux- 
imab promotes receptor internalisation [7]. This may 
reduce the number of receptors available to interact 
with ligand on the cell surface. Recent studies with 
trastuzumab (Herceptin®, Roche), an antibody specific 
for the related HER2 receptor, have shown that trastu- 
zumab stimulates both the internalisation and degrada- 
tion of HER2 receptors [8], It is possible that cetuximab 
has similar effects on the metabolism of EGFRs. 



3. Cetuximab — mechanism of action 

3.L Cell-cycle progression 

The antitumour activity of cetuximab has been 
attributed to several distinct mechanisms. Both cetuximab 
and M225, its murine progenitor, inhibit cell-cycle 
progression in many cell lines, causing cells to arrest in 
the Gl gap phase that occurs prior to DNA synthesis. 
An elegant series of experiments has shown that anti- 
EGFR antibody treatment causes an increase in the 
expression of the cell-cycle inhibitor p27 ki P' [9-1 1]. This 
in turn results in an increase in the formation of inhibi- 
tory p27 kipl -Cdk2 complexes which prevent cells from 
exiting the Gl phase of the cell cycle [9,10]. Similar 
antiproliferative effects have been observed in vivo, as 
cetuximab treatment led to an increase in p27 kipl levels 
and a reduction in proliferating cell nuclear antigen 
(PCNA) expression in human tumour xenografts in 
nude mice [12]. 

3.2. Angiogenesis and metastasis 

There is a growing body of data characterising 
cetuximab's anti-angiogenic properties, which were first 
reported by Petit and colleagues [13]. This group found 
that established A431 tumour xenografts treated with 
cetuximab displayed a significant decrease in the pro- 
duction of angiogenic factors, and these data have since 
been confirmed with additional tumour cell lines [14,15]. 
For example, in cultured transitional bladder carcinoma 
cells, cetuximab inhibited EGF-induced secretion of 
angiogenic factors in a dose-dependent manner. More 
pronounced effects were observed in the absence of 
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EGF stimulation in human tumour xenografts. In this 
study, the expression of vascular endothelial growth 
factor (VEGF), basic fibroblast growth factor (bFGF) 
and interleukin (IL)-8 was correlated with microvessel 
density, and cetuximab therapy was associated with a 
decrease in angiogenic factors as well as a decrease in 
the number of microvessels [14]. There is also evidence 
indicating that cetuximab therapy inhibits tumour-cell 
invasion and metastasis. For example, Perrotte and 
colleagues [14] found that cetuximab therapy sig- 
nificantly inhibited lung metastasis in mice with estab- 
lished human tumour xenografts. While all of the 
control animals had lymph-node metastases and 40% 
had lung metastases, none of the cetuximab-treated 
animals had either type of metastasis. Cetuximab and 
similar antibodies directed against the external region of 
the EGFR have also been shown to inhibit the expres- 
sion and activity of several matrix metalloproteinases 
(MMPs) that play a key role in tumour-cell adhesion, 
including the gelatinase MMP-9. Several studies have 
correlated this antibody-mediated decrease in MMP 
production with both a significant reduction in in-vitro 
tumour-cell invasion and the inhibition of tumour 
growth and metastasis in nude mice [16-18]. These 
inhibitory effects on the invasion, metastasis and angio- 
genesis of cancer cells may explain why cetuximab 
treatment is often more effective in vivo than in vitro. 

3.3. Apoptosis 

Cetuximab has also been shown to influence apopto- 
sis. Cell survival is dependent, in part, upon the ratio of 
Bax, which promotes apoptosis, and Bcl-2, which pro- 
tects cells from apoptosis [19]. Several reports have 
shown that treatment with cetuximab or similar anti- 
EGFR antibodies may alter the balance of Bax and Bcl-2 
expression. In DiFi human colon carcinoma cells 
which express high levels of EGFR, cetuximab treat- 
ment induced programmed cell death [20]. In these cells, 
anti-EGFR antibodies caused an increase in the expres- 
sion of Bax [21] and activated multiple apoptotic cas- 
pases [22]. Similarly, in a squamous-cell carcinoma 
(SCC) cell line, cetuximab treatment led to elevated Bax 
and decreased Bcl-2 expression and a corresponding 
increase in the frequency of apoptotic cells [11]. In 
addition, when cetuximab was applied to breast adeno- 
carcinoma cells, an increase in the inactive phosphory- 
lated form of Bcl-2 was observed [23]. Nevertheless, 
cetuximab treatment alone was not sufficient to induce 
cells to undergo programmed cell death and generally 
had cytostatic effects on cell growth in most of the 
tumour cell lines that have been studied to date [12]. In 
combination with several chemo therapeutic agents, 
however, cetuximab has been shown to increase the 
incidence of human tumour-cell apoptosis both in vitro 
and in vivo in a number of model systems [15,23-26]. It 



is not yet entirely clear whether the combination of 
radiotherapy and cetuximab similarly promote pro- 
grammed cell death in vivo. 

3.4. Enhancement of the antitumour effects of 
chemotherapy and radiotherapy 

In addition to influencing cellular growth and survi- 
val, a number of preclinical studies have shown that 
cetuximab also potentiates the antitumour effects of 
chemotherapeutic agents. The synergistic effects of anti- 
EGFR antibody and chemotherapy (CTX) were first 
reported by Aboud-Pirak and colleagues [27]. In this 
study, the combination of anti-EGFR antibody plus 
cisplatin produced significantly greater growth inhibi- 
tion of KB oral epidermoid carcinoma-cell xenografts in 
mice than either treatment alone. Subsequent studies 
have shown a similar enhancement of antitumour effects 
in a variety of cancer types. For example, one investi- 
gation [28] showed that the maximum tolerated dose of 
doxorubicin did not inhibit the growth of well-estab- 
lished A431-cell xenografts and that M225 treatment 
alone only partially reduced tumour growth. In con- 
trast, combined treatment with doxorubicin and M225 
produced a marked inhibition of growth, and tumours 
were eradicated in 40% of the animals [28]. Even more 
dramatic effects were reported by Fan and colleagues 
[29] who showed that the combination of M225 and 
cisplatin completely eradicated well-established A431 
cell xenografts in 85% of animals. Furthermore, mice 
with regressed tumours remained tumour-free for over 6 
months, indicating that the therapeutic benefits per- 
sisted long after cessation of treatment. In addition to 
cisplatin and doxorubicin, cetuximab has also been 
shown to enhance the anti-tumour activity of gemcita- 
bine [15], docetaxel [23,30], paciitaxel [26] and topotecan 
[25]. Striking synergistic anti-tumour effects on human 
epidermoid cancer-cell xenografts have also been 
observed when cetuximab treatment is combined with 
radiotherapy (RTX; Fig. 2) [31,32]. 

4. Clinical studies 

The efficacy of cetuximab in preclinical tumour mod- 
els has led to the initiation of many clinical trials. As of 
June 2000, 526 patients with various tumour types had 
participated in clinical studies with cetuximab (Table 1). 
Early phase I dose-ranging trials demonstrated that 
cetuximab displays non-linear, dose-dependent phar- 
mocokinetics that are not altered by the co-administra- 
tion of cisplatin. Saturation of drug-elimination 
pathways occurred at doses between 200 and 400 mg/ 
m 2 , and the current recommended dose level is an initial 
loading dose of 400mg/m 2 followed by weekly main- 
tenance infusions of 200 rng/m 2 [33]. 
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Table 1 

Summary of clinical experience with cetuximab 



400 



Clinical studies Completed or 

ongoing studies 4 


Cancer 


Patients treated" 


Phase l/II, 


8 


Breast 


132 


dose-ranging 




EGFR * -tumours 








Lung 








Prostate 








SCCHN 




Phase II/III 


7 


CRC 


394 






Pancreatic 








Renal-cell 








SCCHN 




Total 


15 




526 



CRC, colorectal cancer; SCCHN, squamous-cell carcinoma of the 
head and neck; EGFR", epidermal growth factor receptor positive. 
a As of June 2000. 

4.1. Safety and toler ability 

In general, cetuximab appears to be well tolerated, 
both alone and in combination with CTX or RTX. As 
of June 2000, safety data were available for 189 patients 
treated with cetuximab, and drug-related adverse' events 
(AEs) were usually mild to moderate. Grades 1-4 AEs 
were experienced by 62% of patients, with grades 3-4 
AEs reported by 12% of patients. The most common 
AEs were asthenia (18%), fever (16%), nausea (16%) 
and acne (15%). Allergic reactions (4% grades 3-4) and 
acne-like rash (11% grades 3-4) were the most clinically 
relevant AEs reported. Allergic reactions occurred only 
during the first infusion. Patients with allergic reactions 
responded to standard treatments, and subsequent 
recurrences were controlled with prophylactic anti- 
histamine therapy and increased infusion time. Acne- 
like rash is now considered to be an expected event, 
thought to be due to the presence of EGFRs in the epi- 
dermis. The rash is not dose-limiting and resolves fully 
upon cessation of treatment [34]. 

As cetuximab is a chimeric MAb, it has the potential 
to stimulate the production of human antichimeric 
antibodies (HACAs) which may interfere with therapy. 
However, HACAs were detected in only 3% (4/120) of 
patients, with neutralising antibodies present in 3 cases. 




• Control 

* 10 Gy 

• Cetuximab 

* Cetuximab + 10 Gy 



50 100 150 
Time (days) 

Fig. 2. Synergistic effects of anti-epidermal growth factor receptor 
(EGFR) antibodies plus radiation on A431 tumour xenografts. 
Human squamous carcinoma A43I cells were implanted sub- 
cutaneously in nude mice. Thirteen days later groups of 8— 18 mice 
received either 10 Gy of ^Co irradiation alone (♦), 10 Gy followed 4 h 
later by intraperitoneal injections of cetuximab (1 mg) with additional 
injections administered twice weekly for 4 weeks (▼), cetuximab 
injections only (■) or no treatment (#). Tumour surface area at each 
time point is shown as the median for each treatment group. Combi- 
nation therapy with cetuximab and radiation was associated with a 
significant increase in the rate of tumour regression. Reproduced with 
permission from Cancer Biother Radiopharm [31]. 

Patients with detectable HACAs did not experience 
allergic or anaphylactic reactions, and HACA responses 
had no clinically limiting effect following weekly infu- 
sion of cetuximab [35]. 

4.2. Cetuximab combined with CTX— evidence of 
efficacy 

More than 100 patients with squamous-cell carcinoma 
of the head and neck (SCCHN), colorectal cancer 
(CRC), non-small cell lung cancer (NSCLC) and 
androgen-independent prostate cancer have received 
cetuximab in combination with CTX in early phase I 
and II studies, and in many cases clinical responses have 
been observed in heavily pretreated patients (Table 2). 
For example, in a phase I study with advanced SCCHN 
patients, 67% (6/9) experienced clinical responses to 
cetuximab combined with cisplatin [36]. Although 
response to therapy was not a primary objective of this 
study, this evidence of efficacy — particularly in 3 
patients who were previously treated with cisplatin— 



Table 2 



Response to cetuximab plus CTX 


Study phase 


Indication 


Treatment 


Response rates 


Reference 


Phase I 
Phase I 
Phase I/I I 
Phase II 


Advanced SCCHN and NSCLC 
Advanced SCCHN 

Androgen-independent prostate cancer 
Refractory SCCHN and CRC 


Cetuximab + cisplatin 
Cetuximab + cisplatin 
Cetuximab 4- doxorubicin 
Cetuximab + CTX 


58% (11/19) SD 

67% (6/9) PR+CR 

5% (1/19) SD; 5% (1/19) PR 

22% (14/63) PR + CR 


Baseiga and colleagues [33] 
Mendelsohn and colleagues [36] 
Slovin and colleagues [38] 
Rubin and colleagues [37]; 
ImClone Systems Inc. data on file 



CRC, colorectal cancer; CR, complete response; CTX, chemotherapy; NSCLC, non-small cell lung cancer; PR, partial response; SD, stable disease; 
SCCHN, squamous-cell carcinoma of the head and neck. 
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was promising and led to the initiation of several addi- 
tional studies. Early phase II studies combining cetux- 
imab with CTX have also yielded positive preliminary 
results. As of October 2000, 63 patients with SCCHN or 
CRC who had previously failed surgery, RTX and/or 
CTX received cetuximab plus either cisplatin or CPT- 
1 1 . Of the patients with cisplatin-unresponsive SCCHN, 
26% (6/23) experienced clinical responses (Fig. 3), and 
20% (8/40) of patients with CPT-1 1 -refractory CRC 
experienced partial or complete responses ([37]; ImClone 
Systems Inc., data on file). In total, 14 patients experi- 
enced clinical responses to cetuximab and a chemo- 
therapeutic compound to which they had previously 
been resistant. 

4.3. Cetuximab and RTX — evidence of efficacy 

Promising results have also been obtained from clin- 
ical trials with cetuximab and RTX in SCCHN. In a 
recent phase I study, patients with advanced unresect- 
able disease were treated with either conventional or 
hyperfractionated radiation combined with weekly 
doses of cetuximab (100-400 mg/m 2 loading dose and 
100-250 mg/m 2 maintenance dose). Although all of the 
15 evaluable patients had EGFR + tumours, which are 
associated with poor prognosis in SCCHN [39], com- 
plete responses were experienced by 87% (13/15) of 



patients, and the remaining patients (2/15) experienced 
partial responses [40]. 

Although caution should be used in drawing conclu- 
sions based on retrospective analysis, in the absence of 
data from comparative phase III studies it is useful to 
evaluate the response to cetuximab therapy with the 
data that is currently available. The results of the 
cetuximab and RTX study described above [40] 
compare favourably with those of previous trials that 
treated SCCHN patients with conventional or hyper- 
fractionated RTX alone (Fig. 4a) [41-43]. Of the studies 
shown in Fig. 4(a), the patients participating in the 
cetuximab trial had the poorest prognosis, as all of the 
patients had unresectable disease and the majority 
(80%) of patients had oropharyngeal 'carcinomas [40]. 
The study reported by Zakotnik and colleagues [42] 
contained the most similar patient population in terms 
of size and the incidence of oropharyngeal carcinoma 
and unresectable disease. However, only 31% (10/32) of 
the patients treated with RTX alone achieved complete 
responses. In contrast, 87% (13/15) of the patients who 
received cetuximab plus RTX experienced complete 
responses, suggesting that cetuximab may enhance the 
efficacy of RTX. When other response parameters, such 
as 2-year disease-free survival rates were examined, the 
combination of cetuximab and RTX also compared well 
with historical controls (Fig. 4b). 







Baseline After 1 cycle 

Fig. 3. Response to cetuximab plus cisplatin in squamous cell carcinoma of the head and neck (SCCHN). This patient with recurrent SCCHN had 
previously received surgery, radiotherapy (RTX), cisplatin, 5-fluorouracil (5-FU) and paclitaxel. After one 7-week cycle of cetuximab (400 mg/m 2 
loading dose followed by weekly 250 mg/m 2 maintenance doses) plus cisplatin (100 mg/m 2 every 3 weeks), the patient experienced a partial response. 
Reproduced with kind permission from J. Mendesohn. 
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Fig. 4. Cetuximab plus radiotherapy (RTX) in squamous cell carci- 
noma of the head and neck (SCCHN) — response and survival rates 
compared with historical controls, (a) The complete response rate to 
cetuximab plus standard-fractionation (SFx) or hyperfractionation 
(HFx) RTX compared with past studies with RTX alone. Based on 
these encouraging results, phase III studies have been initiated to 
directly compare responses to cetuximab plus RTX versus RTX alone 
in SCCHN. Bar = confidence interval. NA, not available, (b) The 2- 
year disease-free survival rates of SCCHN patients treated with 
cetuximab plus RTX compare favourably with those of previous 
studies with SFx or accelerated fractionation with concomitant-boost 
(AFx-CB) RTX alone. *3-year disease-free survival (bar = 95% con- 
fidence interval). 



5. Conclusion 

Phase I/I I trials with cetuximab have produced, pro- 
mising clinical results in SCCHN and CRC, particularly 
when cetuximab was administered in combination with 
CTX or RTX. Remarkably, complete responses were 
even observed in heavily pre-treated patients with par- 
ticularly poor prognoses ([36,37,40]; ImClone Systems 
Inc., data on file]). In the light of these results, the clin- 
ical development of cetuximab is continuing with a 
number of phase II and III studies designed to deter- 
mine whether cetuximab enhances the efficacy of con- 
ventional CTX or RTX in patients with SCCHN and 
CRC. 
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Note to editors: UAB's Comprehensive Cancer Center played a 
major role in testing recently approved drugs for colon cancer. Dr. 
Albert F. LoBuglio is director of the Cancer Center. 
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By Albert F. LoBuglio, M.D. 

Director, UAB Comprehensive Cancer Center 

Evalina B. Spencer Professor of Oncology 

BIRMINGHAM, AL — Colon cancer is the second leading cause of 
cancer death, claiming the lives of 57,000 Americans each year. Within 
the past month, the Food and Drug Administration (FDA) has approved 
two new drugs to treat patients with advanced stages of this disease — 
Erbitux and Avastin. What Alabamians may not know is that the UAB 
Comprehensive Cancer Center played an important role in the process 
that lead to approvals of these novel agents. 

Before a drug receives FDA approval, it undergoes years of rigorous 
laboratory studies and patient trials. As the only comprehensive cancer 
center in a five-state area, the UAB Cancer Center is a national leader 
in such "bench-to-bedside" research, which provides our patients 
cutting-edge therapies unavailable elsewhere. The large number of 
patients enrolled in the studies of Erbitux and Avastin made the Cancer 
Center one of the major sites for both these pivotal clinical trials, which 
earned FDA approval for the drugs. 

Because of our large contribution to the trials, the FDA carried out an 
intensive review of patient charts and research records at our Cancer 
Center. On February 12 Erbitux became the first monoclonal antibody 
approved for colon cancer. Avastin was approved February 26. (Avastin 
had another "first" — it's the only FDA-approved drug that works by 
preventing the formation of new blood vessels.) Today physicians 
across the United States are using these agents to shrink cancerous 
tumors. This is promising news for a population of patients who, until 
recent years, have had few treatment options. 

It's no lucky break that the UAB Comprehensive Cancer Center has 
been an international leader in the development and research of the 
class of drugs to which Avastin and Eribitux belong. Called "monoclonal 
antibodies," such pharmaceutical agents are laboratory-produced 
molecules that bind to specific sites on tumor cells, interfering with 
tumor growth. Monoclonal antibody technology long has been one of 
the Cancer Center's priorities. Our investigators were the first in the 
world to administer the original monoclonal antibodies, and have 
worked for more than two decades designing and administering clinical 
trials using this approach. 
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In fact, the Cancer Center has been significantly involved with the study 
of every FDA-approved monoclonal antibody, including Rituxan and 
Zevalin, which are used to treat non-Hodgkin's lymphoma, and 
Herceptin, used to treat some types of breast cancer. We are currently 
developing several new promising monoclonal antibodies. 

The success of the recent drug approvals, and all of our research 
endeavors, would not be possible without a dedicated team of 
physicians, scientists, nurses and staff working toward our common 
goal: improved quality-of-life and survival for patients with cancer. This 
goal extends throughout all of our research and patient care. It is our 
patients, and those treated elsewhere with these breakthrough drugs, 
who ultimately benefit from research at the UAB Comprehensive 
Cancer Center. 

Albert F. LoBuglio, M.D. 

Director, UAB Comprehensive Cancer Center 

Evalina B. Spencer Professor of Oncology 
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FDA Approves First Angiogenesis Inhibitor to Treat Colorectal Cancer 

FDA today approved Avastin (bevacizumab) as a first-line treatment for patients with metastatic colorectal 
cancer - cancer that has spread to other parts of the body. Avastin, a monoclonal antibody, is the first 
product to be approved that works by preventing the formation of new blood vessels, a process known as 
angiogenesis. Avastin was shown to extend patients' lives by about five months when given intravenously as 
a combination treatment along with standard chemotherapy drugs for colon cancer (the "Saltz regimen" also 
known as IFL). IFL treatment includes ironotecan, 5-fluorouracil (5FU) and leucovorin. 

Avastin is a genetically engineered version of a mouse antibody that contains both human and mouse 
components. (Antibodies are substances produced by the body's immune system to fight foreign substances.) 
Special technology also allows it to be produced in large quantities in the laboratory. 

This new monoclonal antibody is believed to work by targeting and inhibiting the function of a natural protein 
called "vascular endothelial growth factor" (VEGF) that stimulates new blood vessel formation. When VEGF is 
targeted and bound to Avastin, it cannot stimulate the growth of blood vessels, thus denying tumors blood, 
oxygen and other nutrients needed for growth. Angiogenesis inhibitors such as Avastin have been studied', 
first in the laboratory and then in patients, for three decades with the hope they might prevent the growth of 
cancer. This is the first such product that has been proven to delay tumor growth and more importantly 
significantly extend the lives of patients. 

"The approval of Avastin is the result of many years of research and development exploring a promising new 
approach to fighting cancer, and it is one of a number of recent new treatments for colorectal cancer that 
taken together, have significantly improved the armamentarium for fighting this disease," said Mark B. 
McClellan, M.D., Ph.D., FDA Commissioner. "These medical achievements reflect the innovation of drug 
developers and the hard work of FDA's cancer review teams, and they are proof of the promise offered by 
biomedical innovation. The dedication of everyone involved in these efforts is making a real difference in the 
lives of cancer patients." 

Colorectal cancer - cancer of the colon or rectum - is the third most common cancer affecting men and 
women in the U.S. and, according to the Centers for Disease Control and Prevention (CDC), is the second 
leading cause of cancer-related death. Colorectal cancer is also one of the most commonly diagnosed 
cancers in the U.S.; approximately 147,500 new cases were diagnosed in 2003. 

The safety and efficacy of Avastin was primarily shown in a randomized, double-blind clinical trial of more 
than 800 patients with metastatic colorectal cancer designed to find out whether Avastin extended the lives of 
patients. Roughly half the patients received IFL, the standard chemotherapy combination, and the other half 
received Avastin once every two weeks in addition to IFL. Overall, patients given Avastin in combination with 
IFL survived about five months longer and the average time before tumors started regrowing or new tumors 
appeared was four months longer than patients receiving IFL alone. The overall response rate to the 
treatment was 45% compared to 35% for the control arm of the trial. 

Serious, but uncommon, side-effects of Avastin include formation of holes in the colon (gastrointestinal 
perforation) generally requiring surgery and sometimes leading to intra-abdominal infections, impaired wound 
healing, and bleeding from the lungs or internally. Other, more common, side-effects are high blood pressure 
tiredness, blood clots, diarrhea, decreased white blood cells (lowering immunity to diseases) headache 
appetite loss and mouth sores. 

Avastin is manufactured by Genentech, Inc., South San Francisco, Calif. 
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Production of neutralizing monoclonal antibody against human vascular 
endothelial growth factor receptor II. 

U_R, Xionq PS, ShaoJCF, Liu J . Xu YF , Xu YS , Liu HZ . Zhu ZP . Yan g 

cz 

State Key Laboratory of Experimental Hematology, Institute of Hematology, Chinese 
Academy of Medical Science and Peking Union Medical Coilegejianjln 300020, 
China. 

AIM: To prepare neutralizing monoclonal antibody (mAb) against 
extracellular immunoglobulin (Ig)-like domain III of vascular endothelial 
growth factor receptor KDR and study its biological activity. METHODS: 
Soluble KDR Ig domain III (KDR-III) fusion protein was expressed in E Coli 
and purified from the bacterial periplasmic extracts via an affinity 
chromatography. Monoclonal antibodies against KDR-III were prepared by 
hybridoma technique. ELISA and FACS analysis were used to identify its 
specificity. Immunoprecipitation and [3H]-thymidine incorporation assay 
were also used to detect the activity of anti-KDR mAb blocking the 
phosphorylation of KDR tyrosine kinase receptor and the influence on 
vascular endothelial growth factor-induced mitogenesis of human 
endothelial cells. RESULTS: A monoclonal antibody, YcomlD3 (IgGl), was 
generated from a mouse immunized with the recombinant KDR-III protein. 
YcomlD3 bound specifically to both the soluble KDR-III and the cell- 
surface expressed KDR. YcomlD3 effectively blocked VEGF/KDR interaction 
and inhibited VEGF-stimulated KDR activation in human endothelial cells. 
Furthermore, the antibody efficiently neutralized VEGF-induced 
mitogenesis of human endothelial cells. CONCLUSION: Our results suggest 
that the anti-KDR mAb, YcomlD3, has potential applications in the 
treatment of cancer and other diseases where pathological angiogenesis is 
involved. Copyright 2004 Acta Pharmacologica Sinica 

PMID: 15456530 [PubMed - indexed for MEDLINE] 
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A Phase I Study of Anti-Kinase Insert Domain-containing Receptor 
Antibody, IMC-1C11, in Patients with Liver Metastases from 
Colorectal Carcinoma 1 



James A. Posey, 2 Thian C. Ng, Baolian Yang, 
M. B. Khazaeli, Mark D. Carpenter, Floyd Fox, 
Mike Needle, Harlan Waksal, and 
Albert F. LoBuglio 

Departments of Medicine and Radiation Oncology, Division of 
Hematology/Oncoiogy, Comprehensive Cancer Center, University of 
Alabama at Birmingham, Birmingham, Alabama 35294-3300 
[J. A. P., T. C. N., B. Y., M. B. K., M. D. C, A. F. L], and Imclone 
Systems, Somerville, New Jersey 08876 [F. F. f M. N., H. W.] 

ABSTRACT 

Purpose: Angiogenesis plays an important role in colo- 
rectal cancer progression. Stimulation of vascular endothe- 
lial growth factor receptor (VEGFR), a transmembrane 
glycoprotein, results in endothelial mitogenesis. Within 
this family of receptors, VEGFR 2/kinase-insert-domain- 
containing receptor (KDR) appear to be principally up- 
regulated during tumorigenesis. A chimeric anti-KDR anti- 
body, IMC-1C11, blocks VEGFR-KDR interaction and 
inhibits VEGFR-induced endothelial cell proliferation. This 
trial seeks to assess the safety, tolerability and feasibility of 
targeting an important pathway in tumorigenesis. 

Experimental Design: In a dose-escalation, single-agent 
study of IMC-1C11, we enrolled 14 patients with colorectal 
carcinoma and hepatic metastases. Safety-, pharmacoki- 
netic-, immunogenicity-, and magnetic resonance imaging- 
assessed alteration of vascular effects of IMC-1C11 were 
evaluated in this trial. IMC-1C11 was infused weekly at 0.2 
mg/kg (n = 3), 0.6 mg/kg (n - 4), 2.0 mg/kg (n = 3), and 4.0 
mg/kg (n = 4) for 4 weeks, which constituted a cycle. 

Results: No grade-3 or -4 IMC-1C 11 -related toxicities 
were observed. Minor grade- 1 bleeding events were ob- 
served in four patients |0.2 mg/kg (n = 1) and 0.6 mg/kg 
(n = 3)]. Each resolved quickly and required no interven- 
tion. The starting dose of 1MC-1C11 was selected to achieve 
a C m *x of ~5 |xg/ml. This concentration prevented KDR 
phosphorylation in vitro. Pharmacokinetic analysis demon- 
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strated that the plasma t l/2 and C max were dose dependent 
with a plasma t la of 67 ± 3 h at the 4-mg/kg dose level. 
Human antichimeric antibodies were detected in 7 of 14 
patients. The antibodies to IMC-1C11 inhibited the circula- 
tion of the agent in two patients. One patient had prolonged 
stable disease for seven cycles (28 weeks). The mean changes 
in tumor-influx volume-transfer constant k in (min" 1 ) and 
enhancement factor after 4 weeks of therapy were signifi- 
cantly decreased compared with pretreatment values in 11 
patients. 

Conclusion: IMC-1C11 was both safe and well toler- 
ated. Drug levels of IMC-1C11 were reliably predicted. 
Further clinical investigation of anti-VEGFR/KDR agents is 
warranted. 

INTRODUCTION 

The inhibition of tumor-induced angiogenesis has become 
a major developmental strategy in cancer research (1, 2). Elu- 
cidation of the variety of molecular pathways involved in an- 
giogenesis has provided targets for angiogenesis inhibition. Sev- 
eral potential angiogenic inhibitors against these therapeutic 
targets affect endothelial cell proliferation, migration, and sur- 
vival (3-5). The inhibition of activated endothelial cells have 
been shown to abrogate tumor growth (6, 7). 

VEGFR 3 is thought to be the predominant angiogenic 
factor in malignant disease and one of the major survival factors 
for endothelial cells (8, 9). It is frequently detected in tumors 
and its expression has been correlated with poor prognosis in 
colon, breast, renal, and other primary tumors (10-13). VEGFR 
overexpression is frequently observed in colorectal carcinoma, 
in which it may play a role in the progression of metastatic 
disease (14). it can be synthesized by both normal and malignant 
cells and mediates angiogenic signals through interaction with 
one or more of its tyrosine kinase receptors (15). VEGFR2, also 
known as Flk-l/KDR, has been reported to be the most impor- 
tant receptor in VEGFR-stimulated tumor angiogenesis. KDR is 
found primarily on vascular endothelium (16) and several tumor 
cell types (17). inhibition of VEGFR or KDR is reported to 
inhibit tumor growth (18). 

DC 101, a rat antimouse monoclonal antibody that targets 
Flk-1 (the murine homologue of KDR), was shown to block 
VEGF-mediated endothelial cell signaling (19). Administration 
of DC 101 produced dramatic antitumor effects in a variety of 



3 The abbreviations used are: VEGFR, vascular endothelial growth 
factor receptor; KDR, kinase insert domain-containing receptor; ECOG, 
Eastern Cooperative Oncology Group; DLT, dose-limiting toxicity;' 
ROL, region(s) of interest; HACA, human antichimeric antibody; MR J, 
magnetic resonance imaging; CT, computed tomography; scFv, single- 
chain FV. 
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human tumor xenograft models (20), as well as in a hepatic 
metastasis colon cancer model (21). Because DC 101 does not 
cross-react with human KDR, a chimeric monoclonal antibody, 
IMC-1CU, was developed for human trials (22). IMC-1C11 
binds specifically to the endothelial cell surface extracellular 
domain of KDR, blocks VEGFR-KDR interaction and prevents 
VEGFR activation of the intracellular tyrosine kinase pathway 
(23). 

This report describes the initial Phase I trial of IMC-1C1 1 
that was carried out in patients with colorectal carcinoma met- 
astatic to the liver. 

PATIENTS AND METHODS 

Eligible patients met the following criteria: (a) pathologi- 
cally confirmed adenocarcinoma of the colon/rectum that is 
metastatic to the liver and is not curable with available treat- 
ment; (b) at least one liver metastasis had to be bidimensionally 
measurable; (c) age greater than 19 years; (d) a median survival 
of at least 12 weeks; (e) ECOG performance status of <1; and 
(/) adequate hematopoietic function (hemoglobin >9.0 g/dl; 
total leukocyte count >3,000/mm 3 ; granulocytes >l,500/mm 3 ; 
platelet count >100,000/mm 3 ), hepatic function (alkaline phos- 
phatase levels <4 times the upper limit of normal; bilirubin 
^1.5 upper limit of normal), and renal function (serum creati- 
nine limit of normal). Patients may or may not have had extra- 
hepatic sites of metastases. Major exclusion criteria included: 
(a) inability to assess vascular flow of hepatic metastatic le- 
sion(s) by MRI; (b) therapy capable of inducing bleeding, such 
as warfarin, heparin or aspirin; (c) pregnancy or breast feeding; 
{d) major surgery, cytotoxic chemotherapy, or radiotherapy 
within the previous 4 weeks; (e) clinically significant cardiac 
disease; (/) inability to comply with or understand informed 
consent; and (g) brain metastases, uncontrolled seizure disorder, 
other active neurological disease, or serological evidence of 
chronic infection such as hepatitis or HIV. Signed informed 
consent was obtained from each patient before enrollment into 
the protocol. The protocol, informed consent, and informed 
consent procedures were reviewed and approved by the Univer- 
sity of Alabama at Birmingham Institutional Review Board. 

Treatment Plan. This study design was an open-label, 
single-arm Phase I trial designed to establish maximum toler- 
ated dose and side effects of IMC-1C1 1 therapy. The study drug 
was infused in our outpatient General Clinical Research Center 
and patient were monitored with vital sign and symptom assess- 
ment for approximately one h post-infusion of IMC-1C1 1. 

IMC-1C11 was given i.v. over -1 h once a week for 4 
weeks. This was considered a treatment cycle. Patients could 
continue treatment provided there was no evidence of disease 
progression or DLT. There were four cohorts of at least three 
evaluable patients per cohort. Patients were treated in cohorts of 
three to six patients at escalating doses of IMC-1C1 1 from 0.2 
mg/kg to 4.0 mg/kg given weekly. Patients were enrolled at the 
next dose level 2 weeks after the last patient at the prior dose 
level completed a 4th week of IMC-1C11 in the absence of 
DLT. If one of the initial three patients in a cohort demonstrated 
a DLT, three more patients were entered into the cohort. The 
maximum tolerated dose was defined as one dose below the 
dose that induced a DLT in two or more patients in a cohort. 



Toxicity was evaluated according to the expanded National 
Cancer Institute Common Toxicity Criteria Version 2. A DLT 
was defined as any grade-3 or -4 toxicity excluding allergic 
reactions, nausea, vomiting, or alopecia. Patients underwent 
evaluation of measurable disease by CT scan after completing 
four weekly treatments and subsequent scan were repeated after 
four weekly infusions. Measurable disease must have been 
bidimensionally >2 cm for lesions that are palpable, > 1 cm and 
for soft tissue lesions followed by CT scan, and >2 cm for lytic 
bone lesions followed by CT or MRI. Patients without DLT who 
had either stable disease (defined as no change, or tumor re- 
sponse that has not increased by 25% or decreased by 50%) or 
responding disease could go on to receive additional therapy. 
Two exceptions to allow a second cycle of therapy were granted 
to patients 7 and 10, who each had a decrease in parameters of 
tumor perfusion at week 5, had a modest level of progression 
(26 and 35%, respectively), were asymptomatic, and had no 
FDA-approved treatment options. Patients underwent MRI for 
vascular flow/diffusion measurements -1 week before the ini- 
tial dose of IMC-1C1 1 and the week after the fourth dose. For 
patients who had stable or responding disease by CT, additional 
dynamic MRI for vascular flow/diffusion was performed 1 week 
after each four-dose treatment cycle. 

Production of IMC-1C11. A single-chain antibody 
phage display library was constructed from spleen cells of mice 
immunized with a soluble form of KDR. After two rounds of 
biopanning, >90% of the clones recovered were specifically 
reactive to KDR (23). Subsequent selection identified two 
clones that blocked VEGFR binding to KDR. These two clones 
were expressed in Escherichia coli and purified as soluble scFv 
antibodies. One scFv, plCll, was shown to inhibit VEGFR- 
induced KDR phosphorylation and VEGFR-stimulated DNA 
synthesis in human umbilical vein endothelial cells (23). This 
led to the development of IMC-1C11, a chimeric anti-KDR 
antibody (IgGU; Ref. 19). 

IMC-1C11 was developed by immunization of BALB/c 
mice with KDR-alkaline phosphatase fusion protein. Purified 
mRNA from splenocytes of these mice was used to construct a 
scFv antibody phage display library. The library was used to 
select against immobilized KDR protein. A clone was selected, 
expanded in cell culture, and frozen in liquid nitrogen. Clone 
plCll scFv was selected for its high-affinity binding to KDR 
and for its ability to block KDR/VEGFR interaction and to 
inhibit VEGFR-induced biological activity on human endothe- 
lial cells. The gene segments encoding plCll scFv variable 
domains were amplified and subcloned into an expression vec- 
tor that contained human IgGU constant domains for the ex- 
pression of a mouse/human chimeric antibody, IMC-1C1 1. The 
IMC-1C11 expression vector was used to transfect cells of 
Chinese-hamster-ovarian origin and a stable expressing cell line 
was established. The cell line was expanded in cell culture and 
was frozen in liquid nitrogen. 

Pharmacokinetics. Five-ml samples of blood were ob- 
tained from each patient during the first cycle and before each 
subsequent cycle. The serum from each sample was stored at 
~20°C shortly after separation from the clotted blood. Blood 
was obtained preinfusion and at the end of infusion on day I , 
and at 2, 6, 1 2, 24, 48, 96, and 1 68 h postinfusion. On days 8 and 
15, blood samples were obtained preinfusion and 2 h postinfu- 
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sion. On day 22, samples were obtained preinfusion and at 2, 24, 
and 48 h postinftision. 

Briefly, 100 uJ/well KDR-alkaline phosphatase [1 jxg/ml 
in PBS (pH 7.2); ImClone Systems Incorporated, Somervilie, 
NJ] was adsorbed to each well of a 96-well microtiter plate 
(Immulon 2, Dynatech) overnight at 2°C to 8°C. Plates were 
washed in washing buffer (PBS/0.05% Tween 20) and then were 
blocked for 2 h at room temperature with 10% HSBB [10% 
Horse Serum (Life Technologies, Inc.) in PBS/0.05% Tween 
20]. The plates were washed with washing buffer, and a 100-|xl 
volume of serum samples, standards, and internal controls were 
incubated in the wells for 2 h at room temperature. After 
washing with wash buffer, 100 uJ of antihuman Fc-specific 
IgGl horseradish peroxidase-conjugated antibody (Jackson Im- 
munoResearch) were added to each well. After a final washing, 
bound conjugate was then visualized by adding 100 \l\ of 
substrate tetramethylbenzidine (TMB) solution (Kirkegaard and 
Perry Laboratories). This gives a blue reaction product that turns 
yellow on the addition of the stopping solution (2 m H 2 S0 4 ). 
The plates were read on a Molecular Devices Thermomax 
340PC ELISA reader using a wavelength of 450 nm. IMC- 1 CI 1 
was quantitated by comparing with a standard curve prepared 
from reference standard IMC-1C1 1. 

Immunogenicity. Human antibody response to IMC- 
1C11 was determined by a double-antigen radiometric assay 
procedure (24). In brief, 6.4 mm of polystyrene beads were 
coated with 2 u,g/bead IMC-1C11 antibody in PBS by gentle 
agitation at 80 rpm overnight at room temperature. The beads 
were washed three times with phosphate buffer containing 
EDTA (PBE), blocked with PBE for 1 h at room temperature, 
and stored in PBE at 4°C. Patient sera or standards in PBE were 
added to a glass culture tube. After the addition of a single 
antibody-coated bead to the tubes, the tubes were gently agitated 
at 1 40 rpm for 1 h at room temperature. Beads were washed by 
adding and aspirating 4 mi of PBS. ,25 I-labeled IMC-1C11 
antibody was added to the respective tubes and gently agitated 
at 140 rpm for 1 h at room temperature. Beads were washed 
again as above. The beads were transferred to clean tubes, then 
counted for 1 min to determine the l25 I antibody-bound radia- 
tion. The assay result was calculated from the 125 I antibody- 
bound radiation and known specific activity of l25 I-antibody. 
Results were expressed as ng of IMC-1C1 1 antibody-bound/ml 
of patient serum. 

Assessment of Vascular Perfusion. Dynamic contrast- 
enhanced perfusion MRI using Gd-DTPA (0.2 mmol/kg, sup- 
plied by Magnevist, Berlex Lab, Inc.) was performed on a GE 
Signa 1.5 Tesla MRI scanner (General Electric, Milwaukee, 
WI). A torso phased-array receiving coil was used. The vest-like 
coil was centered over the upper abdomen to maximize the 
signal :noise ratio in the liver. Two sequences were used to 
localize the lesion(s) for subsequent perfusion analysis: axial 
Tl -weighted spoiled gradient echo, and axial T2- weighted sin- 
gie-shot fast spin echo. Each of these sequences acquired images 
of the entire liver in a single breath hold. The orientation of the 
plane of choice (axial, coronal, or sagittal) was dependent on the 
size and location of the lesion, to reduce the likelihood that 
respiration would significantly alter the lesion position during 
serial scanning from a selected 5-mm slice. We used multiphase 
fast spoil gradient echo (SPGR) pulse sequence with acquisition 



parameters: TR/TE = 8/4 ms, flip angle = 70°, FOV = 40 X 40 
cm 2 , slice thickness = 5.0 mm, image matrix 256 X 256, the 
delay between different phases was 50 ms. One hundred twenty 
images were acquired and each phase (image) required 1.1 s. 
The image data were transferred to a personal computer and 
were processed according to a two-compartment model 4 : 

k ps p= slQ P e 
* T l0 *A*C p (0) 

where the slope is the initial rate of enhancement curve in the 
arterial phase (covers the first 20-35 images), A is the relaxivity 
and T w = 1.433 s at 1.5 T and C p (0) = 8.77 £>, D is the dose 
of Gd-DTPA, and the tumor influx volume transfer constant k in 
is obtained. After the Gd-DTPA bolus injection, the nodules 
initial signal g is time point / t (set to 0 s) with signal height S(0) 
and reaches a maximum intensity at —15-30 time points (an 
image was acquired for each time point) / with signal 5(t). The 
maximum signal enhancement factor (EF) in arterial phase is 
defined as 5(t) - S(0)/S(0) with / = 15 time points (at -16,5 s). 
Signal beyond 15 time points likely has more portal vein blood 
flow, thus complicating the kinetic model analysis. MRI assess- 
ment was carried out before therapy and 1 week after the fourth 
infusion of each treatment cycle. 

Statistical Analysis. Because of the noncomparative na- 
ture of this study, descriptive statistics were used to summarize 
toxicities and laboratory data. The frequency of adverse events 
was tabulated, as well as the proportion of patients exhibiting 
each adverse event. Pharmacokinetic analysis was conducted on 
14 patients. Compartmental models were fit to each patient's 
concentration profile using the nonlinear regression procedure 
in S AS (25). Pharmacokinetic parameters area under the curve 
(AUQ, half-life (t U2 \ clearance (CL\ and volume of steady 
state (V) were estimated using the fitted compartmental model. 
MRI assessments of vascular flow before and after treatment 
were examined, and the dose groups were compared descrip- 
tively. Comparisons were made before and after treatment over- 
all, ignoring dose groups, using the paired t test and the signed- 
rank Wilcoxon test. For the dose group comparisons, the 
difference in vascular flow before and after therapy was com- 
puted for each patient, and the dose groups were compared using 
ANOVA and the nonparametric Kruskal-Wallis test. Spear- 
man's correlation coefficients were computed between vascular 
parameters (EF and k in ) and tumor growth using the CORR 
procedure in SAS. 

RESULTS 

Patient Characteristics. The distribution of the fourteen 
patients among the four cohorts and their characteristics are 
listed in Table 1. There were six men and eight women, with an 
age range from 43 to 72 years. They all had excellent perform- 
ance status, a median of two prior chemotherapy regimens, and 
five had liver as their only site of metastasis. Eight of the 
patients received one cycle of therapy (four inftisions), whereas 



4 T. C. Ng et at.. Arterial phase Gd-enhanced MR] perfusion in liver 
metastasis from colorectal cancer, manuscript in preparation. 
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Table I Patient cohorts and characteristics 



Patient 


Dose 


Patient 




cv^\_/vj pcriunn<iiic.c 


No. oi prior 


No. of extrahepatic 




No. of 


no. 


(mg/kg) 


gender 


Age 


status 


therapies 


sites 


Response" 


infusions 


1 


0.2 


F 


43 


0 


2 


1 


PD* 


4 


2 


0.2 


F 


46 


0 


2 


2 


PD 


4 


3 


0.2 


M 


57 


0 


2 


0 


PD 


4 


4 


0.6 


M 


44 


0 


2 


1 


StD 


8 


5 


0.6 . 


M 


58 


0 


1 


1 


PD 


4 


6 


0.6 


F 


63 


1 


2 


1 


PD 


4 


7 


0.6 


F 


60 


1 


3 


2 


PD 


8 


8 


2.0 


F 


68 


1 


2 


0 


PD 


4 


9 


2.0 


F 


55 


1 


2 


0 


PD 


4 


iO 


2.0 


M 


53 


0 


2 


1 


PD 


8 


11 


4.0 


F 


64 


1 


3 


1 


StD 


8 


12 


4.0 


M 


53 


0 


1 


0 


StD 


28 


13 


4.0 


M 


47 


0 


1 


0 


StD 


8 


14 


4.0 


F 


72 


1 


1 


1 


PD 


4 



" Response at initial evaluation (4 weeks). 
h PD, progressive disease; StD, stable disease. 



Table 2 Toxicity related to IMC-1C1 1 by dose level 
0.2 mg/kg n = 3 0.6 mg/kg n = 4 2.0 mg/kg n = 3 4.0 mg/kg n = 4 

Gr° 1 ,2 Gr 3,4 Gr 1 ,2 Gr 3,4 Gr 1 ,2 Gr 3,4 Gr 1,2 Gr 3,4 



Pain 1 2 2 I 

Bleeding 1 3 

Gl 2 3 2 

Fever 2 

Asthenia I 2 

Dizziness 1 j 1 

Stiffness I 

Hypertension 1 

Cough j 
Edema 1 



a Gr, grade; Gl, gastrointestinal. 



five received two cycles (eight infusions), and one received 
seven cycles (twenty-eight infusions). 

Toxicity. The antibody treatment did not produce acute 
infusion symptoms and produced no grade-3 or -4 toxicity 
(Table 2). All of the grade- 1 or -2 symptoms were sporadic, 
lasting 1-3 days, were not repetitive with each infusion, and did 
not increase in frequency with increasing dose cohorts. The four 
bleeding episodes, possibly related to IMC-1C11, included a 
patient with 3 days of brief and scanty epistaxis, two patients 
with 1 day of blood streaking of sputum, one of whom also had 
1 day of blood streaking in his stool; and one patient (patient 7) 
who had gross hematuria on four occasions over 8 weeks of 
therapy and who was documented to have tumor infiltration of 
her right kidney. Bleeding episodes were reported as history 
data and were not active at the time of visits. Platelet counts 
before and after episodes remained within the normal range, and 
coagulation profiles were not done because the patients were not 
actively bleeding. Overall, the antibody infusions were well 
tolerated, and in most patients, symptoms were related to the 
underlying disease process. 

Antibody Response to IMC-1C1 1. Human antibody re- 
sponse to IMC-1C1 1 is presented in Table 3 over the initial 42 



days of the trial. A total of 7 of 14 patients had evidence of 
detectable antibody on more than one occasion; this was ob- 
served in the two low-dose cohorts. In addition, one patient 
(patient 10) had a single borderline value of 34 ng/ml on day 22. 
The two highest antibody responses were seen on day 22 in 
patients 3 and 6 and are discussed below regarding IMC-1C11 
plasma kinetics. 

Pharmacokinetics. Table 4 summarizes the pharmaco- 
kinetic parameters of the initial infusion of IMC-IC11 in pa- 
tients from the four-dose cohorts. The kinetics were assessed 
using both a one-compartment and a noncompartmental analysis 
with similar results. The one-compartment results are presented 
here. The two lower-dose cohorts were characterized by a short 
plasma / 1/2 , high plasma clearance rate (CL\ and modest AUC. 
Multiple comparisons using ANOVA revealed significant dif- 
ferences between the dose cohorts (P = 0.01) for plasma t V2 . 
The dose cohorts of 2 mg/kg and 4 mg/kg had much longer 
plasma t U2 (56 and 67 h) and lower plasma clearance rates (CL, 
0.57 and 0.40 ml/h/kg), which were significantly different from 
the two low-dose cohorts. The two high-dose cohorts had much 
higher area under the curve (AUC) than the low-dose cohorts, 
reflecting both the larger dose administered and the longer 
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Table 3 Human antichimeric antibody response to IMC-1C1 1° 


Patient no. 


Dose (mg/kg) 


Day 1 (ng/ml) 


Day 22 (ng/ml) 


Day 36 (ng/ml) 


Day 42 (ng/ml) 


1 


0.2 


16 


77 


117 


133 


2 


0.2 


6 


13 


15 




3 


0.2 


11 


460 


239 


28 


4 


0.6 


g 


71 


J A 


HO 


5 


0.6 


8 


65 


69 


87 


6 


0.6 


21 


86 


67 




7 


0.6 


17 


37 


41 


26 


8 


2.0 


6 


8 


7 


51 


9 


2.0 


4 


22 


20 


16 


10 


2.0 


6 


34 


11 


13 


11 


4.0 


4 


5 


5 


7 


12 


4.0 


7 


8 


7 


11 


13 


4.0 


10. 


13 


11 


10 


14 


4.0 


6 


7 


6 


7 



" Normal sera (n = 27) 10 ± 6 ng/ml (X ± 1 SD) and a positive value was >28 ng/ml (>3 SD). 



Table 4 IMC-1C1 1 pharmacokinetic parameters 



Dose level 


Mean dose 


AUC 


^max 


*\n 


CL 


Volume 


(mg/kg) 


(mg) 


(pig/ml-h) 


(|ig/ml) 


(hrs) 


(ml/h/kg) 


(ml/kg) 


0.2 


22 


209 ± 102 


10.6 ± 8.3 


16 ± 7 


1.13 ±0.57 


26.1 ± 14.1 


0.6 


48 


394 ± 116 


20.6 ± 8.4 


13 ± 5 


1.66 ± 0.64 


32.2 ±10.1 


2.0 


141 


3,674 ±1,031 


45.2 ± 3.4 


56 ± 12 


0.57 ±0.14 


44.4 ± 3.3 


4.0 

a a i »y> 


306 


10,434 ± 2,266 


107.3 ±27.2 


67 ±3 


0.40 ± 0.9 


39.1 ± 9.5 



" A UC\ area under the curve; CL, clearance. 



120 




0 50 100 150 200 

Hours 



Fig. 1 Mean plasma IMC- 1 C 1 1 levels expressed as percentage of C max 
achieved at the four treatment dose levels based on a one-compartment 
model. 



plasma half-life. Fig. 1 provides the plasma IMC-1C11 disap- 
pearance curves plotted as the percentage of maximum IMC- 
1C1 1 concentration, demonstrating the substantial differences in 
plasma kinetics in the low-dose cohorts. Fig. 2 presents 
the plasma disappearance curves in terms of IMC-1C11 mean 
plasma concentrations depicting the inability of the low-dose 
cohorts to maintain plasma levels of IMC-1C11 beyond 48-h 
postinfusion and the mean levels generated in the higher-dose 
cohorts. The ability of four weekly infusions to maintain con- 
tinuously circulating IMC-1C1 1 levels was evaluated over the 
initial 4 weeks of treatment. Nadir blood levels before repeat 
infusion were either 0 or <1 fxg/ml in the two lower-dose 




0 50 100 150 200 



Hours 

Fig. 2 Mean plasma concentrations (jig/ml) of the initial day 1 infu- 
sion of IMC-1C11 for each dose-group based on a one-compartment 
model. 



groups. In patients receiving 2 mg/kg IMC-1C11, the mean 
nadir level was 7.7 ± 6.7 (range, 1-19) ^xg/ml, whereas patients 
in the 4-mg cohort had values of 43.9 ± 23.9, with a range of 
9-94 u,g/ml. The fourth infusion plasma concentrations and 
kinetics of IMC- 1 CI 1 were compared with each patient's initial 
infusion. In general, the fourth infusion had similar values as 
each patient's initial infusion with two exceptions. Patient 3 had 
a fourth infusion C max , that was 28% of the first infusion C max , 
and a 24-hour value that was below detection. This infusion took 
place on day 22 when he had an anti-IMC-ICl 1 level of 460 
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Table 5 MR I vascular parameters and tumor size change 

^•(miiT 1 ) EF" ~ ~ 

^ atient Tumor size 



Dose 


no. 


Pre 


Post 


A 


Pre 


Post 


A 


change 


0.2 mg/kg 


3 


0.29 


0.19 


-0.10 


1.15 


0.71 


-0.44 


+28% 


0.6 mg/kg 


4 


0.44 


0.05 


-0.39 


1.21 


0.22 


-0.99 


+25% 




5 


0.33 


0.33 


0 


0.80 


0.77 


-0.03 


+46% 




6 


0.47 


0.45 


-0.02 


1.25 


0.80 


-0.45 


+ 10% 




7 


0.45 


0.25 


-0.20 


1.33 


0.53 


-0.80 


+26% 


2.0 mg/kg 


8 


0.40 


0.46 


+0.06 


1.16 


1.40 


+0.34 


+46% 




9 


0.35 


0.16 


-0.19 


1.50 


1.10 


-0.40 


+65% 




10 


0.26 


0.21 


-0.05 


0.76 


0.62 


-0.14 


+ 34% 


4.0 mg/kg 


12 


0.24 


0.11 


-0.13 


0.70 


0.30 


-0.40 


-0.6% 




13 


0.54 


0.33 


-0.21 


1.63 


1.21 


-0.42 


+ 18% 




14 


0.58 


0.36 


-0.22 


1.25 


0.81 


-0.44 


+27% 



" K m , influx rate constant; EF, enhancement factor; Pre, pretreatment; Post, posttreatment. 



ng/ml. Patient 6 had an undetectable C max on his fourth infusion, 
when his anti-IMC-lCl 1 was 86 ng/ml. 

Alteration in Vascular Parameters. Eleven of the 14 
patients were evaluated for changes in vascular perfusion. Two 
parameters were measured before and after one cycle of treat- 
ment: the enhancement factor (EF) and tumor influx rate con- 
stant K in (min*" 1 ), both of which are proportional to perfusion. 
Patients 1 , 2, and 11 were not evaluated secondary to technical 
difficulty with the procedure or data acquisition. On the com- 
puter-generated image slice, a ROI was placed around index 
liver lesion(s). A detailed analysis of these studies will be 
published separately, but Table 5 provides a summary of the 
measurements of EF and k in for patients studied pre- and post- 
therapy with four weekly doses of IMC-1C11. Using paired / 
test and signed-rank Wilcoxon test, we observed a significant 
reduction in k in (P = <0.007) and EF (P = 0.003) at the 
posttherapy interval. In four of five patients receiving additional 
cycles of therapy, vascular parameters (EF and k in ) exceeded the 
initial decline and tended to return to the baseline value (data not 
shown). Fig. 3 provides an example of the MRI dynamic flow 
before and after one cycle of therapy. The high vascular flow in 
the perimeter of the tumor with low flow in the interior is typical 
of human rumor flow studies (26). Fig. 4 provides a bar graph 
(derived from the images in Fig. 3) depicting the proportion of 
high and low vascular flow in the two tumor nodules before and 
after 4 weeks of therapy. A substantial increase in low flow and 
a decrease in high flow components are demonstrated. This 
patient had only a 10% increase in measurable disease with a 
change in EF from 1.25 to 0.80. We could not assess dose 
effects given limited patient numbers, especially with only one 
patient in the lowest dose cohort. Table 5 also lists the percent- 
age of change in tumor size noted at the 4-week evaluation, 
which varied from -6% to +65%. There was a tendency for 
less tumor growth in patients with more inhibition of flow as 
judged by ^(Spearman correlation of 0.62 with P = 0.044), 
whereas no correlation was found between k xn and tumor 
growth. 

IMC-1C1I Antitumor Efficacy. None of the patients 
had an objective response to therapy. Of the 14 patients, 4 had 



stable disease (<25% increase in tumor measurements) at the 
4-week assessment, and 3 of these patients were in the 4-mg/ 
kg-dose cohort. Patient 12 was of particular interest in that he 
had a total of 28 infusions of IMC-1C11 over 28 weeks with 
stable disease. The measurements over the course of therapy for 
this patient are plotted in Fig. 5. This patient at study entry had 
a growing hepatic metastasis over the prior 3 months that 
remained stable over his 28-week treatment with IMC-IC11; 
however, an adrenal metastasis appeared and progressively 
grew. He was taken off study, because of the new lesion, 
whereas the hepatic tumor remained stable for an additional 8 
weeks of observation. 

DISCUSSION 

Tumor- induced angiogenesis seems to be critical to the 
establishment and growth of primary and metastatic cancer cells 
(27). The vascular response and support of tumors represents an 
interplay of proangiogenic and antiangiogenic factors produced 
by tumor cells and surrounding normal cells (28). VEGFR has 
been reported to be one of the most important of the proangio- 
genic factors involved in murine tumor models (21) and patients 
(29, 30). As a result, several VEGFR-targeted therapeutic strat- 
egies have been developed and there are ongoing clinical trials 
to evaluate clinical benefit. VEGFR angiogenic activity is me- 
diated through receptor tyrosine kinases that are present princi- 
pally on endothelial cells. Two of the three identified VEGFR 
receptor family members are expressed on endothelial cells 
(VEGFR1 and VEGFR2), and the VEGFR2 (KDR/flk-1) has 
been shown to play the central role in tumor angiogenesis 
(31,32). 

Four VEGFR-targeted treatment strategies have entered the 
clinic to date. These include a humanized monoclonal antibody 
directed to VEGFR (Bevacizumab), a chimeric monoclonal 
antibody directed to the VEGFR2 (IMC-1C1 1 ), several small 
molecule inhibitors of the VEGFR2 tyrosine kinase, and a 
ribozyme (Angiozyme) specific for Flt-1/KDR mRNA. Al- 
though the two monoclonal antibody strategies would appear 
similar, i.e., inhibition of ligand or inhibition of ligand receptor, 
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Pre-therapy Post-therapy 



Fig. 3 Pre-therapy dynamic flow 
demonstrating two ROI in (A) 
with magnification of ROI (B 
and O. Post-therapy dynamic 
flow of the same ROI (£>) with 
magnification views (£ and F). 
Flow color bar. indicates inten- 
sity enhancement which is pro- 
portional to profusion. 




they are likely to differ regarding alteration of different molec- 
ular pathways and possibly in vivo effects. It is clear that 
VEGFR can function as a ligand for a variety of receptors 
including three receptor/pathways in the VEGFR receptor fam- 
ily and at least one of two receptor/pathways in the neuropilin 
family (33). Thus, inhibition of VEGFR ligand has the potential 
to alter multiple signal transduction pathways in multiple cell 
types, whereas the targeting of the VEGFR2 (KDR) would be 
much more selective in that this receptor is found primarily on 
activated endothelial cells and some malignant cell types (34). 

There are several parenteral and oral inhibitors of the 
VEGFR2 tyrosine kinase that are currently being examined in 
clinical trials, including SU5416, PTK 787, ZD6474, and 
CP547632 (35-38). These agents have been selected on the 



basis of relatively selective inhibition of the VEGFR2 ATP 
binding site. However, the large array of potential tyrosine 
kinase signaling elements in the human genome include many 
the functions of which are yet to be discovered. This may 
provide the potential for nonspecific (non-VEGFR2) effects that 
could account for side effects like refractory headaches, nausea, 
vomiting, and thrombotic events reported in early trials (39). 

Thus, targeting the VEGFR2 (KDR) receptor represents a 
rather selective antiangiogenic strategy that has been demon- 
strated to have potent in vivo antitumor effects in murine models 
of multiple tumor types. This Phase I trial is the first clinical trial 
of a VEGFR2 (KDR)-specific monoclonal antibody, IMC- 
1C1 1. This reagent was very well tolerated over a dose range of 
0.2-4.0 mg/kg weekly for a 4-week cycle, with total doses 
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Fig. 4 From the nodules displayed in Fig. 3, this bar graph depicts the 
proportion of tumor nodule pixels that have high, intermediate, and low 
perfusion before (Pre) and after (Post 1st cycle) treatment. 



administered at the highest-dose cohort of 920 to 1504 mg over 
4 weeks. There were no DLTs, and most side effects reported 
were thought to be disease related. Several patients reported 
mild transient bleeding episodes (grade 1) with no particular 
pattern or dose effect. One patient had significant hematuria but 
had tumor invasion of the kidney as a contributing factor. 

The pharmacokinetics of IMC-1C1 1 demonstrated a strik- 
ing dose dependency with the two lower-dose cohorts (0.2 and 
0.6 mg/kg) having a short plasma / l/2 , a high plasma clearance 
rate, and an inability to maintain circulating levels of antibody 
on a weekly infusion schedule. The two higher-dose cohorts 
were able to maintain circulating levels of IMC-1CI 1 on the 
weekly schedule, but the 4-mg/kg dose level was significantly 
better than the 2-mg/kg dose level. The plasma t U2 at 4 mg/kg 
was ~3 days, and, therefore, chronic schedules of administra- 
tion could use weekly or biweekly schedules depending on the 
chosen target nadir levels. This pattern of dose dependence was 
also seen in our prior trial of anti-avp3 monoclonal antibody 
(Vitaxin), which also targeted an endothelial cell-expressed 
antigen. It may well be that endothelial cell antigens that are 
up-regulated on tumor neovasculature have a baseline low ex- 
pression on normal endothelial cells representing an intravascu- 
lar antigen sink requiring higher dose administration to achieve 
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Fig. 5 The bidimensional tumor measurements of patient 12 treated at 
the 4-mg/kg dose level before, during, and after IMC-1C1 1 therapy that 
continued for 28 weeks. 



adequate pharmacokinetics similar to that seen with anti-CD20 
in lymphoma patients ("B-cell sink") and anti-EGFR, (C225) 
with hepatic EGFR sink (40, 41). 

Another characteristic of IMC-1C1 1 was its immunogenic- 
ity. Fifty percent of the patients developed a human antibody to 
chimera antibody (or HACA) response, primarily in the two 
low-dose cohorts. Two patients with the highest HACA re- 
sponse had an impairment of IMC-1C1 1 circulation at the time 
of their fourth infusion (day 22) when they had peak HACA 
levels. Some chimera mouse-human monoclonal reagents have 
had little or no immunogenicity in human trials, whereas others 
have induced significant HACA response. For example, C225 
(anti-EGFR) has produced little or no HACA when assessed by 
the same HACA assay used in this trial (41). 

Several of the antiangiogenesis trials have attempted to 
measure the vascular effects of antiangiogenesis strategies. This 
trial was our first experience with using dynamic contrast- 
enhanced perfusion MRI to assess the flow in hepatic metasta- 
ses, and we were impressed with its potential. A detailed anal- 
ysis of the data will be presented separately, but Table 5 
provides a summary of the observations that demonstrated a 
significant decrease in two parameters (k in and EF) associated 
with the four doses of IMC-1C1 1. These are the same parame- 
ters that were reported to have decreased in a recent trial of a 
small-molecule inhibitor of VEGFR-mediated receptor kinase 
activation (42). However, the decreases in these parameters 
were transient, returned to baseline by week 8, and were asso- 
ciated with progressive disease in 8 of 1 1 patients. Three of four 
patients receiving a second cycle of therapy had vascular flow 
parameters that returned to pretherapy levels. It is unknown at 
this stage of antiangiogenesis clinical trials, what represents a 
clinically important change in MRI parameters of tumor-blood 
perfusion or of the duration of therapy and/or duration of flow 
inhibition required to prevent tumor growth. This trial would 
suggest that 4 weeks of therapy and/or 4 weeks of reduced 
tumor flow via MRI parameters are insufficient to prevent tumor 
growth, although it was interesting that a decline in flow pa- 
rameters tended toward a decreased degree of tumor growth, 
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which might suggest that therapy trials of antiangiogenic agents 
be designed for longer treatment periods than 4 weeks as sug- 
gested by others (43, 44). 

Finally, none of our patients had objective tumor regres- 
sions, although one patient had a long-term tumor stabilization 
despite progression documented prior to the institution of IMC- 
1C1 1 therapy. This experience is similar to that seen with other 
single-agent antiangiogenesis trials (45), in which tumor regres- 
sions are infrequent. This may reflect the need for long-term 
chronic treatment regimens to alter tumor growth rates or the 
need for combining antiangiogenesis strategies with other treat- 
ment modalities. The antimurine VEGFR receptor reagent, 
DC 1 01 , has shown striking ability to enhance radiation (46) and 
chemotherapy (47) antitumor efficacy in animal models. Similar 
trials in human cancer are indicated. 

This study provides evidence of the safety and low toxicity 
for an antibody blockade of VEGFR2, as well as insight into 
dose and schedule requirements. A fully human anti-VEGFR2 
agent has been produced as a second-generation agent, which is 
anticipated to be nonimmunogenic for chronic administration 
as a single agent and in combination with chemotherapy or 
radiation. 
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Abstract: The angiogenic mediator vascular endothelial growth factor 
(VEGF) and its receptors (VEGFRs) have been studied extensively in 
neoplastic disease and some inflammatory conditions. Contact 
hypersensitivity (CHS) is a prototypic Langerhans' cell-dependent, 
T-helper (Th) 1 cell-mediated inflammatory skin disease that is now also 
thought to involve angiogenic mediators. The purpose of our study was to 
examine the role of angiogenesis and VEGF in CHS. We demonstrated 
that VEGF production is up-regulated in murine skin after challenge with 
dinitrofluorobenzene. Administration of a monoclonal antibody directed 
against the VEGFR-2 (DC101) resulted in a 28.8% decrease in CHS 
response (P< 0.001). Examination of the DC1 01 -treated mouse skin 24 h 
after challenge revealed decreases in dermal inflammatory cellular 
infiltrates and total vessel area. Furthermore, mRNA and protein of the 
Thl-type cytokine interferon (IFN)-y was significantly down- regulated in 
skin of DC1 01 -treated animals 24 h after challenge. The results of the 
study demonstrate that VEGFR-2 blockade significantly reduces vascular 
enlargement and edema formation and effects IFN-y expression in the 
skin during challenge in CHS. Our findings suggest that DC101 could 
function by reducing inflammatory cell migration and hence IFN-y 
expression during the CHS response. 
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Introduction 

Contact hypersensitivity (CHS) is a delayed-type 
immune response that can be separated into two 
distinct immunologic phases. In the sensitization 
phase, skin is exposed to haptenated proteins that 



Abbreviations: CHS, contact hypersensitivity; DC, dendritic cell(s); DLN, 
skin-draining lymph nodes; DNFB, 2,4-dinitrofluorobenzene; ELISA, 
enzyme-linked immunosorbant assay; FITC, fluorescein isothiocyanate; 
Fit- 1, Fms-like tyrosine kinase; I FN, interferon; IL, interleukin; KDR, 
kinase insert domain containing receptor; LC, Langerhans' cell(s); MHc! 
major histocompatibility complex; PAF, platelet-activating factor; Th! 
T-helper cells; TNF, tumor necrosis factor; VEGF, vascular endothelial' 
growth factor; VEGFR, vascular endothelial growth factor receptor. 



are recognized and captured by Langerhans' cells 
(LCs). Uptake of hapten by LC, the major dendritic 
cells (DCs) in the skin (1), triggers these cells' 
maturation and migration from the epidermis to 
the skin-draining lymph nodes (DLNs). Depending 
on the allergen, LC can either bind haptens directly 
to major histocompatibility (MHC) molecules on 
their surface or process the hapten internally into 
antigenic peptides that are then expressed on the 
surface with the MHC. In the DLN, LCs present 
the antigen to naive T cells (2,3). T cells become 
activated and polarize toward a type-1 cytokine 
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expression pattern. When the skin is re-exposed to 
the same hapten, the elicitation phase is initiated. 
The hapten is again taken up and presented by LC 
[and other antigen-presenting cells (APCs)] to 
hapten-specific T cells. The T cells are induced to 
produce Thl type cytokines (e.g. IFN-y) and the 
cutaneous inflammatory reaction ensues (4). CHS 
is thus a prototypic DC-dependent, T-cell-mediated, 
Thl type cytokine inflammatory skin reaction (4-6). 

Recently, other mechanisms beyond cytokine 
signaling and this classic cellular pathway have 
also been implicated in CHS. In particular, angio- 
genesis and its mediators are now thought to 
play a critical role in this immune reaction (7,8). 
For example, vascular endothelial growth factor 
(VEGF), a major regulator of vascular endothelial 
cells and new blood vessel formation, has been 
shown to stimulate LC migration from the skin to 
the DLN (9). Brown et al. (8) observed that VEGF 
was overexpressed in keratinocytes and dermal- 
infiltrating mononuclear cells in CHS. Further- 
more, mRNAs of VEGFR-1 and VEGFR-2, two 
key VEGFRs, were strongly expressed by the 
endothelial cells of the vessels in these skin lesions 
(8). Others have also observed VEGF overexpres- 
sion in inflammatory skin diseases (1 0) and recently, 
Reinders et al. (11,12) noted VEGF may have an 
effect on leukocyte recruitment in inflammation. In 
general, interfering with certain angiogenic path- 
ways has been shown to have direct consequences 
on the CHS response (7,13,14). 

Extensive investigations over the past 10 years 
on the VEGF signaling pathway have implicated 
this system to be directly involved in both vascu- 
logenesis and angiogenesis (15). It is for this reason 
that VEGF and VEGFRs have been examined in 
diseases characterized by aberrant or pathologic 
angiogenesis. For example, VEGF expression has 
been documented in many human solid tumors 
(16), wounds (17), diabetic retinopathy (18), rheu- 
matoid arthritis (19), and psoriasis (10). Whether 
discussing angiogenesis in its traditional sense, as 
the growth of new capillaries from preexisting 
vessels (20), or as the more recently observed 
enlargement and elongation of preexisting vessels 
(7,21), endothelial cell proliferation and vascular 
hyperpermeability is a shared feature of this 
process. Interestingly, enlarged and hyperperme- 
able dermal microvessels are also a consistent 
feature of skin inflammation associated with 
CHS reactions (13). 

In this study, we utilized an established murine 
CHS model (22) to analyze VEGF and cytokine 
production over a 96-h period following elicitation 
of CHS. Furthermore, we utilized the neutralizing 
monoclonal antibody DC 101, specific for the mur- 



ine VEGFR-2 homolog that effectively inhibits 
angiogenesis and suppresses solid tumor growth 
(23-25), to determine the effect of anti-angiogenic 
therapy on cell-mediated immunity in vivo. Histo- 
logical findings 24 h after challenge showed 
remarkable decreases in edema, perivascular 
infiltration, and vascular enlargement, with a 
decrease in total vessel areas. Our results improve 
the understanding of allergic skin disease by giving 
further insights into the mechanism underlying the 
inflammatory process as well as suggest a potential 
novel therapeutic approach to patients suffering 
from these types of disorders. 

Materials and methods 

Animals 

Female BALB/c mice were obtained from the Charles River 
Breeding Laboratory (Wilmington, MA, USA) and used at 
6-10 weeks of age. Four to six mice were used in each experi- 
mental group. Each experiment was repeated at least three times. 
The animal protocol was approved by the institutional Animal 
Care and Use Committee. 

Reagents 

2,4-dinitrofluorobenzene (DNFB), glutaraldehyde, and parafor- 
maldehyde were purchased from Sigma-Aldrich (St. Louis, MO, 
USA). Fluorescein- Ly copers icon esculentum lectin was purchased 
from Vector Laboratories (Burlingame, CA, USA). The DC101 
rat monoclonal antibody directed against murine VEGFR-2 was 
graciously provided by ImClone Systems Inc., (New York, NY, 
USA). A control monoclonal rat immunoglobulin (Ig)Gl anti- 
body was purchased from Southern Biotechnology Associates, 
Inc., (Birmingham, AL, USA). 

CHS assay 

Induction of CHS was conducted as previously described 
(6,13,26). Briefly, the abdomens of the mice were shaved, and 
25 ul of 0.5% DNFB in acetone/olive oil (4:1) was applied to 
their shaved skin for sensitization. Five days later, mice were 
challenged by applying lOul of 0.2% DNFB to the dorsal surface 
of the right ear. As a control, the left ear was painted with an 
identical amount of vehicle alone. The ear thickness was meas- 
ured at 6, 12, 24, 48, 72, and 96 h after challenge using a Peacock 
spring-loaded micrometer (Ozaki Co., Tokyo, Japan). Results 
were expressed as net ear swelling which was calculated by sub- 
tracting the thickness of the vehicle-treated ear from the thickness 
of the hapten-challenged ear. 

VEGF protein production on CHS 

Ear tissue samples, collected at 6, 12, 24, 48, 72, and 96 h follow- 
ing challenge with DNFB or DNFB vehicle, were prepared as 
previously described with minor modification (27). Briefly, ear 
tissue samples were finely chopped on ice, weighed and homo- 
genized in RPMI-1640 culture medium supplemented with 5% 
fetal calf serum (FCS), 2mM glutamine, 200 units/ml of penicil- 
lin, and 200ug/ml of streptomysin (RPMI-FCS). The homo- 
genates were snap frozen in liquid nitrogen, brought rapidly to 
room temperature, and sonicated for 15s (50 Hz). Supernatants 
were collected after centrifugation (2000 x g, 5 min) and stored at 
-70°C until analysis. A murine VEGF ELISA kit (R&D 
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Systems, Minneapolis, MN, USA) was used to quantify the 
amounts of VEGF protein. Each supernatant was analyzed in 
duplicate. Results were expressed as VEGF concentration in ng/g 
tissue for homogenates (28,29). 

VEGFR-2 antibody treatment 

Previous reports demonstrated that overexpression of VEGF in 
skin results in increased inflammation (12). As well, injection of 
VEGF increases vascular hypermeability in the skin (13). We 
therefore examined the effect of DClOl on the CHS inflamma- 
tory response. 800 ug of DClOl , the documented effective dose in 
cancer therapy (24,25,30,31), was administered intraperitoneally 
(IP) at both 24 h and immediately prior to sensitization with 
DNFB (32). The same volume of phosphate-buffered saline 
(PBS) (DClOl vehicle) was administered in the same fashion to 
another control group. 

To determine the effect of DClOl on the elicitation phase, 
800 ug of DClOl was administered at both 24 h and immediately 
prior to challenge. Our treatment regime was based on previous 
studies (32,33) and our own observation of increased VEGF 
levels following DNFB challenge (see Results). A control group 
was injected with the same volume of PBS at the same time 
intervals for comparison. 

PBS was selected because previous DClOl treatment studies 
demonstrated no statistical difference between PBS-treated 
animals and non-specific IgG antibody- treated animals 
(24,25,34). Furthermore, non-specific rat IgG does not effect ear 
swelling or CHS regulation (28,32,33). Prior to initiating this 
study, we confirmed that same 800-ug dose of a control monoclo- 
nal rat IgGl antibody (Southern Biotechnology Associates, Inc.,) 
injected IP did not effect the CHS response, similar to PBS 
(Fig. 1). No overt signs of toxicity were observed in the mice 
with DClOl treatment (35). 




PBScontrol control lgG1 Anti-VEGFR-2 

antibody 

Figure I. Administration of DC 101 prior to challenge suppressed 
the contact hypersensitivity (CHS) response. BALB/c mice were 
sensitized by 0.5% 2,4-dinitrofluorobenzene (DNFB) and 5 days 
later challenged with 0.2% DNFB on the ears. Mice were treated 
with 800 jig DClOl, immunoglobulin (Ig)G I rat isotype control, or 
phosphate-buffered saline (PBS) (DC10I control vehicle) 
intraperitoneally at 24 h and immediately before challenge and ear 
swelling responses were measured 24 h after challenge. The CHS 
response was significantly decreased by 28.8 and 29.1% in the 
DClOl-treated mice compared to the PBS control mice and IgGl 
control, respectively. The data represents the mean ± SEM (n = 1 5; 
P < 0.001). VEGFR, vascular endothelial growth factor receptor. 



Anti-angiogenic DClOl therapy in CHS 

Histologic examination 

Ear tissue from the DC 10 1 -treated and control mice was collected 
24 h after challenge and fixed in 10% formalin. Slides were 
prepared for routine histology and stained with hematoxylin 
and eosin. The slides were examined by light microscopy, and 
the histological changes including the density of dermal infiltra- 
tion were compared between the groups. A cell count was per- 
formed on each slide in 10 random high-power fields with a x40 
objective (net magnification x400) in order to calculate the mean 
dermal cellular infiltrate in areas of each ear. 



Intravascular fluorescein isothiocyanate (FITC)- 
lectin injection and quantification of blood vessel 
formation 

Vascular perfusions and morphometric analysis of blood vessels 
were conducted as previously described with slight modification 
(7,36). DClOl (* = 3) and PBS (n = 3) prior-to-challenge-treated 
mice were anesthetized with pentobarbital sodium (50mg/kg 
IP; Abbott Laboratories; Abbott Park, IL, USA) 24 h after 
elicitation, and Fluorescein- Lycopersicon esculentum lectin was 
injected into the tail veins. Five minutes later, the animals' chests 
were opened and the tissues were fixed by perfusion of 0.5% 
glutaraldehyde and 1% paraformaldehyde in PBS using a left 
ventricle intravenous catheter. The right atrium of heart was cut 
and washed free of blood. Ear tissue samples were taken and 
rinsed in PBS, and then rinsed in 15% sucrose in PBS. 

The tissue was placed on glass slides and visualized using 
confocal microscopy (Zeiss LSM 410 confocal microscope). 
Tagged image file format (TIFF) images were obtained and 
analyzed using Image Pro- Plus 5.1® software (Media Cybernetics, 
Silver Spring, MA, USA) (37,38). Briefly, the FITC-lectin histo- 
chemistry evaluation was made through the Color Segmentation 
analysis, which extracts objects by locating all vessels of the 
specified color(s) and setting everything else to black. In this way, 
we measured the total area of the blood vessels. Because of lectin's 
specificity for endothelial glycoproteins, our measurements do 
not reflect vascular hyperpermeability or any fluorescein that 
may have extravasated into the extravascular space (36,39). 
We counted three different fields in each of the three sample 
examined, and the total blood vessels area in 1.4 million urn 2 of 
each ear was determined. 



Quantitative reverse-transcription and real time 
polymerase chain reaction (PCR) 

Ear tissue from the DClOl-treated and control mice were col- 
lected 24 h following epicutaneous hapten challenge. Total RNA 
was isolated from each ear specimen with an acid guanidinium 
thiocyanate-phenol-chloroform method and immediately treated 
with DNAse to remove traces of genomic DNA. First-strand 
cDNA was prepared from the isolated total RNA using AncT 
oligo primer [dT 20 VN] (Invitrogen, CA, USA) and Superscript 
RNase H reverse transcriptase (Gibco-BRL, Gaithersburg, MD, 
USA). Quantitative real-time PCR with SYBR f&) Green I (Mole- 
cular Probes Inc., Eugene, OR, USA) was performed using 
i-Cycler IQ™ Real-Time Detection System instrument and soft 
ware (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Relative 
expressions of IFN-y, interleukin (IL>4 and IL-10 target genes to 
the P-actin control housekeeping gene were measured using a 
threshold cycle number. The primer sequences were as follows- 
IFN-7, upstream 5'-ATGAACGCTACACACTGAT-3', down- 
stream 5 / -TTCAGACTTTCTAGGCTTTC-3 / ; IL-4, upstream 
5'-ATGGGTCTCAACCCCCAGCT-3 / , downstream 5'-ATG- 
ATCTCTCTCAAGTGATT-3'; IL-10, upstream 5'-GTCATCG 
ATTTCTCCCCTGTG-3'; downstream 5'-ATGGCCTTGTA 
GACACCTTGG-3'; P-actin, upstream 5'-ATGGGTCAGAAG 
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GACTCCTA-3\ downstream 5'-TCCCAGTTGGTAACAAT- 
GCC-3'. Each PCR mixture contained a final concentration of 
1 x PCR buffer, 200 uM each of dNTPs, 2uM of each forward 
and reverse primer, 2.5 units Ampli Platinum Taq polymerase 
(Invitrogen), 3.5 mM MgCl 2 , and 1/100000 SYBR Green** I. The 
two-step PCR conditions included an initial 5min at 94°C, 
followed by 40 cycles of 15s at 94°C and 60s at 65°C. A melting 
curve was performed upon the completion of the 40 cycles to 
validate amplification product specificity. Furthermore, PCR 
products were confirmed 3% agarose gel electrophoresis. cDNA 
amplification was carried out in a 96- well reaction plate, and all 
PCRs were performed in triplicate. 

Quantitation of IFN-y protein by enzyme-linked 
immunosorbent assay ( ELISA ) 

Ear skin lysates were collected from DC 101 -treated and control 
mice 24 h after challenge for IFN-y quantification. IFN-y protein 
was quantified using a sandwich ELISA method with a murine 
IFN-y ELISA kit (R&D Systems). Each supernatant was 
analyzed in duplicate. Results were expressed as IFN-y concentra- 
tion in ng/g tissue for homogenates (28,29). 

Statistical analysis 

Data are expressed as the mean ± SEM. The statistical signifi- 
cance of differences between the means was determined by 
applying the Student's /-test. Statistical significance was defined 
by /><0.05. 



Results 

VEGF protein levels increase during the elicitation 
phase of CHS 

Mice were sensitized with 0.5% DNFB and chal- 
lenged 5 days later with 0.2% DNFB. The CHS 
response, measured by ear swelling, was recorded 
at 6, 12, 24, 48, 72, and 96 h after challenge. Ear 
swelling peaked between 24 and 48 h following 
challenge. The response then weakened and 
gradually disappeared by 96 h (Fig. 2a). 



We obtained skin lysates at the same time 
intervals from both challenged and unchallenged 
ears after ear swelling measurements and analyzed 
VEGF protein levels during the CHS elicitation 
phase. VEGF protein was detected at 6h and 
peaked between 24 and 48 h after challenge. The 
production of VEGF gradually decreased from 48 
to 96 h after challenge (Fig. 2b). No VEGF was 
detected in the unchallenged skin tissue during this 
time (data not shown). 

In general, the CHS response is characterized by 
a rapid increase in inflammatory mediators and 
cellular infiltration that peak between 24 and 48 h 
after challenge (2,40). After 24 h, the negative 
regulatory effects of the Th2/Tc2 cells are thought 
to be responsible for intensifying and modulating 
the inflammatory reaction (41-43). The inflamma- 
tory mediators gradually decrease and dissipate 
from the challenged site over the subsequent 
48-72 h. Our studies demonstrated that the protein 
levels of VEGF follow this same paradigm during 
the elicitation phase of CHS. 

VEGF levels were not measured in animals that 
received DC 101 treatment prior to CHS sensitiza- 
tion or in unsensitized DNFB ear-challenged mice 
because no significant difference was observed in 
CHS response compared to vehicle-treated control 
groups. 



CHS is reduced in animals treated with DC101 
prior to the elicitation phase 

To investigate whether VEGF is functionally rele- 
vant to the elicitation of CHS, VEGF signaling was 
neutralized by anti-VEGFR-2 antibody (DC 101) 
administration. When DC 101 was injected 24 h 




Hours after challenge Hours after cha || e nge 

Figure 2. Protein levels of vascular endothelial growth factor (VEGF) increase during the elicitation phase of contact hypersensitivity 
BALB/c mice were sensitized with 0.5% 2,4-dinitrofiuorobenzene (DNFB) and 5days later were challenged with 0.2% DNFB on the 
ears, (a) Ear-swelling responses determined at various time points following challenge. Results are expressed as net ear swelling 
calculated by subtracting the thickness of the vehicle-treated ear from the thickness of the hapten-challenged ear. (b) VEGF protein 
concentrations in challenged ear skin at each time point as measured by enzyme-linked immunosorbant assay analysis VEGF protein 
levels increase over the first 24-^8 h after challenge and gradually decrease by 96 h. No VEGF was detected in the skin tissue exact from 
unchallenged mice during this time. 
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and immediately before elicitation, ear-swelling 
responses 24 h after challenge to DNFB were 
suppressed by 28.8 and 29.1% compared to 
the PBS-control group and isotype-matched 
antibody-treated group, respectively (P< 0.001) 
(Fig. 1). The effects of DC101 treatment at 48 h 
after challenge were not evaluated in this study. 

We examined the effect of DC 101 administra- 
tion prior to CHS sensitization. However, when 
DC 101 was injected prior to sensitization, ear- 
swelling responses 24 h after challenge were not 
significantly suppressed (data not shown). We 
also examined the animals' ear-swelling response 
to DNFB challenge without prior sensitization, as 
the challenge dose used could potentially induce a 
considerable amount of inflammation. Ear swelling 
measured at 24 h after challenge was no different 
that the vehicle-treated ear (data not shown). 

DC 101 suppresses the inflammatory histopathologic 
changes observed in CHS 

To further confirm the functional relevance of 
DC101 treatment in CHS, we examined the histo- 
pathology of the ear tissue following challenge. At 
24 h after challenge, ear samples were taken from 
both DC 101- and PBS-treated mice. The control 
tissue showed marked mononuclear cell infiltrates, 
pronounced edema, and enhanced vascular enlarge- 
ment. Histological examination revealed that 
the infiltrate was primarily composed of mono- 
nuclear cells. Injection of DC101 before challenge 
led to a significant inhibition in the above findings 
(Fig. 3). This data suggest that VEGFR-2 signaling 
may contribute to the mechanisms of edema forma- 
tion and cellular infiltration in this inflammatory 
reaction. 

DC101 treatment decreases inflammatory cell 
infiltration 

The dermal infiltrate was quantified by examining 
10 randomly selected high-power fields (net mag- 
nification x400) in representative areas of each 
ear. The number of infiltrated cells in the dermis 
was significantly reduced (DC101: 381 ± 23.6; 
control: 244 ± 9.03; mean ± SEM; P< 0.001) by 
DC101 treatment, suggesting DC101 could func- 
tion by prohibiting the extravasations of inflam- 
matory cells (11). 

Total vessel area is decreased in DClOl-treated 
mice 

The total area of the vessels in the ear skin was 
examined to determine the effect of DC 101 ther- 
apy on the vasculature in CHS. Intravascular 
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FITC-lectin injection was utilized to compare the 
blood vessel architecture with and without treat- 
ment. When injected into the circulation via the 
tail vein, the lectins non-specifically bind to glyco- 
protein on the surface of endothelial cells allowing 
for the direct visualization of the vasculature. 
Upon examination, the vessels in the DC 101- 
treated animals appeared smaller and shorter 24 h 
after challenge with DNFB compared to the 
control group (Fig.4a-d). The total vessel area 
was decreased when quantified using the Image 
Pro-Plus 5.1® software (Fig.4e), indicating a 
reduction in angiogenesis in the DClOl-treated, 
inflamed tissue. The vessel areas in the unchal- 
lenged and vehicle-challenged ears were compar- 
able to the DClOl-treated ears. 

Relative expression of IFN-y t IL-4, and IL-10 
mRNA to fi-actin 

IFN-y is recognized as the main effector cytokine 
in CHS, while IL-4 and IL-10 have been implicated 
in CHS inhibition (4,6). Total RNA was extracted 
from the skin tissue 24 h after challenge with 
DNFB. The relative expression of IFN-y mRNA 
to p-actin was significantly decreased in the ear 
skin of mice treated with DC101 prior to challenge 
compared to the control group when examined 
using quantitative reverse transcription real time 
PCR. We observed no significant difference in 
the relative expressions of IL-4 and IL-10 mRNA 
to P-actin between the two groups (Table 1). 

IFN-y protein levels are decreased in the elicitation 
phase of CHS 

Similar to mRNA levels, the IFN-y protein level 
was decreased at 24 h after challenge in the ear 
skin of the DClOl-treated mice compared to the 
control mice when measured by ELISA (Fig. 5). 
These findings demonstrate that the level of IFN-y 
message correlates well with the IFN-y protein level. 

Discussion 

VEGF (now denoted VEGF-A) was originally 
described as a vascular permeability factor (44) 
and as an endothelial cell mitogen (45). The 
VEGF family currently includes VEGF-A, -B, 
-C, -D, -E, and placenta growth factor (P1GF) 
(46). VEGF can be produced by a variety of cell 
types, including different tumor cells and activa- 
ted macrophages (47). These VEGF family proteins 
bind in a distinct pattern to three structurally 
related receptor tyrosine kinases denoted 
VEGF receptor-1, -2, -3 (46). While VEGFR-1 
and VEGFR-2 are expressed on endothelial cells, 
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Figure 3. DC 101 treatment induces 
changes in the hisopathologic features 
typically observed in contact 
hypersensitivity, (a) Hematoxylin and 
eosin-stained ear tissue sections obtained 
24 h after dinitrofluorobenzene (DNFB) 
challenge from a phosphate-buffered 
saline (PBS) control-treated mouse and 
(b) from a mouse treated with DC101 
prior to the elicitation phase, (a) Marked 
inflammatory infiltration, pronounced 
edema, vascular enlargement, and 
exocytosis are typical histopathologic 
features observed in the epidermis 
following epicutaneous hapten challenge, 
(b) With DC101, decreased edema and 
inflammatory infiltration results. The left 
ear painted with an identical amount of 
DNFB vehicle in a (c) PBS-treated mouse 
and (d) DC 101 -treated mouse. Both show 
no remarkable changes. Net 
magnification: (a-d) (xlOO). High 
magnification of hematoxylin and eosin- 
stained ear tissue sections obtained 24 h 
after DNFB challenge from a (e) PBS 
control-treated mouse and (f) mouse 
treated with DC101 prior to the 
elicitation phase, (e) High magnification 
of panel Fig. 3(a). (f) High magnification 
of panel Fig. 3(b). Hematoxylin/eosin 
stains were used to produce panels a-f. 
Net magnification: (e, 0 (x200). 






monocytes, and hematopoietic precursors, VEGFR- 
3 is only expressed on the endothelial cells of lym- 
phatic vessels (46). The levels of VEGFR-1 and 
VEGFR-2 mRNA are significantly increased in the 
vessels feeding tumors compared to the vessels of 
normal tissues surrounding the malignancies. 
Furthermore, a similar pattern of expression appears 
to be present in non-tumorigenic diseases (46,48). 

VEGF activity and signaling through VEGFRs 
is mediated in a paracrine fashion (46). In general, 
the VEGF proteins are poor mitogens. Binding of 
VEGF-A to VEGFR-2 has been shown to increase 
survival, and stimulate migration and differenti- 
ation of endothelial cells, as well as mediate vascular 
permeability. VEGFR-1, on the other hand, may 
act either as a decoy receptor or by suppressing 
signaling through VEGFR-2 (30,46). Although 
VEGFR-1 and -2 have been shown to be important 
in the regulation of vasculogenesis and physio- 
logical angiogenesis, signaling through VEGFR-2 
is thought to be more important because it is 
essential for the induction of the full spectrum of 
VEGF functions (46). 

The hypothesis that VEGF might be involved 
in the pathogenesis of CHS initially arose from 
a number of observations suggesting a close 



interrelationship between chronic inflammation 
and the angiogenic process (49). A number of 
growth factors, cytokines, and inflammatory medi- 
ators were noted to promote migration and pro- 
liferation of endothelial cells (44,45,50), while 
several other inflammatory cytokines including 
IL-1, IL-6, tumor necrosis factor (TNF)-oc were 
also able to stimulate VEGF expression (51-53). 
VEGF, in turn, stimulates the synthesis of platelet- 
activating factors (PAF) in endothelial cells in the 
skin leading to enhanced angiogenesis (54). 

Further evidence of an angiogenesis-CHS 
relationship was presented by Brown et al. (8,9) 
who proposed a direct contribution for VEGF and 
VEGFRs in this immune response. Recently, two 
other angiogenetic factors, thrombospondin-2 and 
P1GF, have also been implicated in CHS (7,13). 
Clearly, the mounting evidence points to a role 
of angiogenesis and its mediators in the CHS 
response. Further clarifying these mechanisms 
will be essential in providing useful framework 
for understanding this disease and other inflam- 
matory conditions as well as potentially identifying 
new targets for therapeutic intervention (4). 

Therefore, to clarify the role of VEGF in this 
delayed-type immune response, we examined the 
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Figure 4. Angiogenesis was suppressed by the injection of DC101. Fluorescein- Lycopersicon esculentum lectin was injected into phosphate- 
buffered salme (PBS> and DClOl-treated mice, and blood vessel formation was visualized by confocal microscopy. Vascular enlargement and 
elongation were decreased in (b) DClOl-treated mice compared to the (a) PBS-controi group, (c) Unchallenged ears from the PBS-treated mice 
and (d) unchallenged ears from the DC 1 0 1 -treated mice, both showed no remarkable changes. Scale Bar = 1 83 ^m. (e) The total blood vessel area 
was decreased by 63.5% in DClOl-treated mice compared to the PBS-control group following challenge. The fluorescein isothiocyanate-lectin 
histochemistry evaluation was made by color segmenta- tion analysis using Image Pro-Plus 5.1® software. Three difTerent fields in three samples 
were examined from each group, and the total blood vessel area in 1.4 million urn 2 of each ear was measured (p< 0.001). VEGFR vascular 
endothelial growth factor receptor. 



direct effect of anti-VEGFR-2 antibody (DC101) 
treatment on CHS. CHS is a DC-dependent, 
T-cell-derived, cytokine-mediated inflammatory 
skin disease (4). CHS assays were performed in 
an established murine model that closely resembles 
the analogous human process (6,13,26). We 
demonstrated that DC 101 significantly reduced 
CHS by 28.8% at 24 h after challenge when admin- 
istered prior to the elicitation phase. Kunstfeld et al. 
(55) demonstrated that the administration of both 
anti-VEGFR-1 antibody and anti-VEGFR-2 anti- 
body before sensitization and every three days there- 
after inhibited the CHS reaction. These findings 
suggest that both VEGFR- 1 and VEGFR-2 are 
necessary for sensitization. In general, it is thought 
that APCs predominantly express VEGFR- 1, not 
VEGFR-2 (46). DC101 treatment was ineffective 
in modulating the CHS response when administered 
prior to sensitization. Our findings suggest that 
VEGFR-2 signaling plays a role in the infiltration 
of inflammatory cells in the elicitation phase. 

Histopathologic examination confirmed that 
the pronounced edema and inflammatory cell 
infiltration normally present in the CHS response 
was decreased in the challenged skin of the 
DClOl-treated animals. Our findings reflect a 
decrease in vascular permeability and further indi- 
cated that VEGF- VEGFR-2 system is involved in 
edema formation and cutaneous inflammation in 



the CHS response. VEGF induces the formation 
of fenestrations in blood vessels (56,57) and the 
formation of vesiculo-vascuolar organelles that 
form channels through which blood-borne pro- 
teins can extravasate (58). This leads to the forma- 
tion of an extravascular fibrin gel that provides a 
matrix to support the growth of endothelial cells 
(59). Oura et al. (13) demonstrated a significant 
increase of vascular permeability after intradermal 
injection of VEGF into mouse ears compared to 
PBS control-treated tissue. These observations 
support the idea that a marked increase in vascular 
leakage in inflamed skin could contribute to 
edema formation. Blocking VEGFR-2 could 
therefore prevent the formation of blood vessel 
fenestrations and the vesiculo-vascuolar organelles 
that form channels. The result, as we observed in 
our CHS study using anti-VEGFR-2 antibody, 
would be a decrease in permeability with less 
inflammatory swelling and edema. 

When FITC-lectin was injected intravascularly 
and tissue sections analyzed by confocal micro- 
scopy, we observed a decrease in total area of 
vessels in the challenged tissue of DClOl-treated 
animals. This suggests that VEGFR-2 signaling is 
involved in angiogenesis and the regulation of 
inflammatory vascular remodeling. As stated, 
angiogenesis is defined as both the growth of new 
capillaries from preexisting vessels (20) and the 
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Table 1. Interferon (IFN)-y mRNA expression was down-regulated in the 
challenged ear skin of DC1 01 -treated animals. No significant difference in 
interteukin (IL)-4 and IL-10 mRNA expression was noted. The level of mRNA 
for IFN-y, IL-4, and IL-10 was measured by real time reverse trandcriptase 
polymerse chain reaction and expressed as a ratio relative to p-actin mRNA in 
each sample. The data is expressed as the mean ± SEM of eight experiments 
performed in triplicate. 





Analyzed 


IFN-y 


IL-4 


IL-10 


DC1 01 -treated 


8 


0.651 ±0.219* 


0.06 ±0.018 


0.068 ±0.01 6 


group 










Control group 


8 


1799.± 0.462* 


0.1 28 ±0.045 


0.148 ±0.038 



*P<0.05. 

enlargement and elongation of preexisting vessels 
(7,21). VEGFR-2 blockade could prevent vascular 
enlargement as well as the vascular abnormalities 
usually present in inflammation and the CHS 
response (21), although a vasoconstrictive effect 
cannot be excluded (13,60). Our findings also sup- 
port the recent observation that increases in vessel 
size are more sensitive target for angiogenesis 
inhibition than vessel density (i.e. number of 
vessels) or sprouting in inflammatory disorders 
(7,61). 

Previous reports explained that the recruitment 
of leukocytes from the blood into tissues requires a 
cascade of molecular events that mediate leuko- 
cyte rolling, adhesion, and extravasation in post- 
capillary venules (62). Overexpression of VEGF in 



IFN-y 




PBS control 



Anti-VEGFR-2 antibody 



Figure5. Administration of DC101 inhibits interferon (IFN)-y 
protein production. Challenged ear skin lysates from DC10I- 
treated and control mice were obtained, and IFN-y concentration 
was measured using a specific murine ELISA kit. DC101 
treatment suppressed protein production by 72.1% when 
measure at 24 h following challenge with dinitrofluorobenzene. 
The data are expressed as the mean ± SEM obtained from two 
groups of five mice (/><0.01). PBS, Phosphate-buffered saline; 
VEGFR, vascular endothelial growth factor receptor. 



the skin is known to enhance leukocyte rolling and 
adhesion in postcapillary venules. VEGF has, 
therefore, been considered important in recruiting 
leukocytes to sites of inflammation (12). Recently, 
Reinders et al. (11) demonstrated that VEGF 
effects the trafficking of human T cells into skin 
allografts in vivo. They provided evidence that 
early VEGF expression promotes T-cell and 
monocyte recruitment. This finding is consistent 
with our results that DC 101 could prevent mono- 
nuclear cell infiltration. Accordingly, blocking 
VEGFR-2 may not only alter vessel permeability 
but also prevents specific cell adhesion, and chemo- 
tactic mechanisms leading to decreased recruitment 
and hence, inflammation. 

On the other hand, VEGFR-1 has also been 
implicated in cell recruitment. VEGF is able to 
stimulate monocyte/macrophage migration through 
endothelial monolayers using VEGFR-1 signaling 
(63). Recently, VEGFR-l's importance was again 
recognized when Luttun et al. (64) reported anti- 
VEGFR-1 antibody inhibited angiogenesis in 
tumors and inflammatory disorders. In our study, 
DC101 treatment appears to affect the dermal 
vasculature in the challenge site by decreasing vas- 
cular enlargement and permeability. Furthermore, 
VEGFR-2 blockade may also be inhibiting the 
leukocyte recruitment that is important in the 
CHS response (11). Further research will clarify 
the roles of VEGFR-1 and VEGFR-2 in leukocytes 
migration. 

The Thl cytokine, IFN-y is a main effector 
cytokine in the elicitation of CHS, while the Th2 
cytokines, IL-4 and IL-10 have been shown to 
negatively regulate these reactions (4,6). As such, 
CHS can theoretically be suppressed by down- 
regulating IFN-y expression and augmenting IL-4 
and IL-10 activity. We demonstrated that DC 101 
treatment prior to elicitation suppressed the 
relative expression of IFN-y mRNA and protein 
quantity in the ear skin following challenge. 
Administration of DC101 could function by 
reducing inflammatory cell migration and hence 
IFN-y expression during the CHS response. 

Although a wide range of' cytokines including 
TNF-a, transforming growth factor-p, IL-lp, and 
IL-6 is also known to stimulate the expression of 
VEGF-A (in some cases through increased VEGF- 
A mRNA stability) (51,53,65,66), the literature on 
IFN-y's role in angiogenesis is controversial and 
mainly purported from observations in in vitro 
studies (53,67,68). Most likely, the decrease in 
IFN-y corresponds to a decreased source of this 
pro-inflammatory cytokine's production, with a 
decreased inflammatory infiltrate following DC101 
treatment. 
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In summary, the present study demonstrates anti- 
VEGFR-2 antibody significantly reduces the forma- 
tion of angiogenesis and prevents cellular infiltration 
and edema formation in CHS at 24 h after challenge 
when administered prior to the elicitation phase. 
DC101 seems to alter the dermal vasculature in the 
challenge site, affecting both vascular permeability 
and enlargement, and interfering with the migration 
of inflammatory cells that are important to the 
immune response. Hence, levels of the main effector 
cytokine, IFN-y, were also decreased in CHS with 
anti-VEGFR-2 antibody treatment. Further eluci- 
dation of the VEGF-VEGFR systems in the body 
will lead to the development of new strategies for 
suppressing and controlling major diseases in 
humans. Studies using antisense VEGF mRNA, 
neutralizing monoclonal VEGF antibodies, neutral- 
izing soluble VEGF receptors, and Flk-l/KDR 
kinase inhibitors have already been performed 
and demonstrated their ability to inhibit angio- 
genesis (15,16,23). The precise molecular mechan- 
isms targeted by these agents in blocking the 
VEGF-VEGFR system differ. Future research will 
focus on matching the treatment to the disease 
and determine which approach is most appropriate 
to control pathogenic angiogenesis in specific 
settings (15). 
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Kaposi's sarcoma (KS) spindle cell growth and spread have been reported to be modulated by various 
cytokines as well as the human immunodeficiency virus (HIV) gene product Tat. Recently, HIV-1 Tat has been 
shown to act like a cytokine and bind to the Flk-l/KDR receptor for the vascular endothelial growth factor A 
(VEGF-A), which is expressed by KS cells. We have characterized signal transduction pathways stimulated by 
HIV-1 Tat upon its binding to surface receptors on KS cells. We observed that stimulation in KS 38 spindle 
cells resulted in tyrosine phosphorylation and activation of the Flk-l/KDR receptor. We also report that HIV-1 
Tat treatment enhanced the phosphorylation and association of proteins found in focal adhesions, such as the 
related adhesion focal tyrosine kinase RAFTK, paxillin, and pl3(r™. Further characterization revealed the 
activation of mitogen-activated protein kinase, c-Jun amino-tcrminal kinase (JNK), and Src kinase. HIV-1 Tat 
contains a basic domain which can interact with growth factor tyrosine kinase receptors and a classical RGD 
sequence which may bind to and activate the surface integrin receptors for fibronectin and vitronectin. We 
observed that stimulation of KS cells with basic as well as RGD sequence-containing Tat peptides resulted in 
enhanced phosphorylation of RAFTK and activation of MAP kinase. These studies reveal that Tat stimulation 
activates a number of signal transduction pathways that are associated with cell growth and migration. 



Kaposi's sarcoma (KS) is the major neoplastic manifestation 
of AIDS (30, 37, 42, 55). Its pathogenesis has been the focus of 
considerable study. Several different cytokines including vas- 
cular endothelial growth factor A (VEGF-A), platelet-derived 
growth factor, interIeukin-6, the KS virus-encoded homolog of 
the chemokine MIPl, and tumor necrosis factor alpha have 
been reported to modulate KS cell growth (17, 20, 24, 25, 38, 
43, 47, 52, 56, 62). These cytokines have been postulated to be 
released in a paracrine fashion (by neighboring leukocytes and 
endothelial cells) or in an autocrine-paracrine fashion (by spin- 
dle cells themselves). Recent results suggest that the Tat pro- 
tein of human immunodeficiency virus type 1 (HIV), known to 
be a transcriptional regulator of virus, potentiates KS cell 
growth in vitro and in in vivo animal models (2, 7, 1 1, 18). HIV 
Tat has been reported to act synergistically with inflammatory 
cytokines and basic fibroblast growth factor in promoting KS 
proliferation and migration (19). 

HIV Tat is a protein of 86 to 104 amino acids encoded by 
two exons and is essential for viral replication. Tat can be 
divided into five distinct domains termed N terminal, cysteine 
rich, core, basic, and C terminal. The C-terminal domain con- 
tains an Arg-Gly-Asp (RGD) sequence, which represents the 
major cell attachment moiety recognized by integrin receptors. 
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This Tat domain can bind with high affinity to the integrins 
a 5 3 x , and a 5 (3 3 , receptors for fibronectin and vitronectin, re- 
spectively (8, 60). The basic sequence of Tat (amino acids 42 to 
64) is similar to the basic sequence of several growth factors 
(fibroblast growth factor, VEGF-A, hepatocyte growth factor, 
and heparin-binding epidermal growth factor) (12, 46, 57). The 
basic sequence of Tat has also been shown to bind to a novel 
integrin, ct^- (60). Because Tat can be released by infected 
cells during HIV infection and can act extracellularly in the 
microenvironment, it may function in a paracrine fashion as a 
protocytokine in KS pathogenesis (14, 21). Recently, another 
link between Tat and a cytokine-based model of KS pathogen- 
esis was made by demonstrating that HIV Tat specifically binds 
with high affinity to the mitogenic Flk-1 (but not the Flt-1) 
receptor, also known as VEGFR-2, for VEGF-A (3). More- 
over, VEGF-A was recently shown to act as a potent growth 
stimulator in KS cells (38). 

Despite the increasingly prominent role of Tat in the induc- 
tion of cell proliferation and migration of KS cells, relatively 
little is known about the signal transduction pathways which 
mediate these effects (41). In the present study, we observed 
that Tat treatment activates the Flk-1 receptor (VEGFR-2). 
Further characterization of downstream molecules revealed 
increased phosphorylation of various components of focal ad- 
hesions, structures which mediate adherent contacts with the 
extracellular matrix. These components included the related 
adhesion focal tyrosine kinase (RAFTK), paxillin, and pl3CT 4 . 
Tat treatment also activated various members of the mitogen- 
activated protein (MAP) kinase family and Src kinases. Our 
studies identify activation of specific signaling molecules that 
may participate in the Tat-induced growth and migration of KS 
cells. 
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FIG. I. Tyrosine phosphorylation of cellular proteins in KS cells after HIV Tat stimulation. Serum-starved KS cells were stimulated with either Tat at 100 ng/ml 
or polymixin at 100 ng/ml (A) or Tat at 10 ng/ml or 100 ng/ml (B) for the indicated times. Total-cell lysates (100 ng) obtained after cell lysis were fractionated on 10% 
polyacrylamide gels and subjected to Western blot (WB) analysis with the antiphosphotyrosine antibody 4G10. The arrows indicate the protein bands which show 
increased lyrosme phosphorylation after Tat treatment. MW, molecular weight in thousands. P-TYR, phosphotyrosine. 



MATERIALS AND METHODS 

Cells and cell culture. The KS cell line, KS 38, was derived from a biopsy 
specimen of a cutaneous lesion from an AIDS patient (13, 28, 39, 40). The cell 
line possesses many characteristics of primary KS cells, including endothelial 
markers and smooth muscle markers (13, 49), and has been used as a model for 
cytokine-mediated signaling studies (34). The cells were grown in flasks coated 
with 1.5% gelatin as described previously (34) and were suspended in RPMI 1640 
containing 15% fetal calf serum, 2 mM glutamine, 1 mM MEM sodium pyruvate, 
0.05 mM minimal essential medium (MEM) nonessential amino acids, 1 X MEM 
amino acids, 1% Nutridoma-HU (Boehringer Mannheim Biochemicals. India- 
napolis, Ind.), 50 p.g of penicillin per ml, and 50 ng of streptomycin per ml. Cells 
were grown to confluence before being used in the signaling studies described 
below. 

Reagents and antibodies. RAFTK antibodies were generated as described 
previously (33). Antibodies to the VEGF receptor Flk-1 (VEGFR-2), c-Src, 
JNK, ERK-I, ERK-2, and p38 MAP kinase were obtained from Santa Cruz 
Biotechnology (Santa Cruz, Calif.). The monoclonal antibodies against pi 30™ 
and paxillin were obtained from Transduction Laboratories, Inc. (Lexington, 
Ky.). Antiphosphotyrosine antibody (4G10) was a generous gift from Brian 
Druker (Oregon Health Sciences University). Electrophoresis reagents were 
obtained from Bio-Rad Laboratories (Hercules, Calif.). The protease inhibitors 
leupeptin and aprotinin and all other reagents were obtained from Sigma Chem- 
ical Co. (St. Louis, Mo.). The nitrocellulose membrane was obtained from Bio- 
Rad Laboratories. HIV Tat (t to 86 amino acids) was expressed in Escherichia 
colt and purified by heparin affinity chromatography. Further purification was 
done by high-performance liquid chromatography (data not shown). The protein 
was found to be homogenous by sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE) with Coomassie blue stain. The purified Tat prep- 
aration (500 ng/ml) was found to be endotoxin free by the timed gel formation 
method with the Limulus amoebocyte lysate reagent as recommended by the 
manufacturer (Sigma). It was found to be biologically active as assessed by the 
HIV rescue assay with a cell line (HLM-1) containing an integrated nonrevers- 
ible Tat-defective provirus. The Tat protein was lyophilized and reconstituted in 
Tat buffer (phosphate-buffered saline containing 1 mg of bovine serum albumin 
and 0.1 mM per ml dilhiothreitol and was used for further studies. 

Stimulation of cells. KS 38 cells, grown to confluence, were serum starved for 
16 to 18 h and washed twice with Hanks' balanced salt solution (Gibco BRL, 
Gaithersburg, Md.) before Tat treatment. The cells were treated with 100 ng of 
Tat per ml, and 10 I U of heparin per ml was added in each case. The addition 
of heparin enhanced the Tal-mediated effects. Tat protein was added to cell 
cultures singly for different periods in vitro. Controls included media with 10 IU 
of heparin per ml in the absence of Tat. The cell lysates were prepared directly 
within the culture dish by lysis in 500 jjl! of modified R1PA buffer (50 mM 
Tris-HCl [pH 7.4], 1% Nonidet P-40, 0.25% sodium deoxychotate, 150 mM 
NaCJ, 1 mM phenylmethylsulfonyl fluoride, 10 u.g of aprotinin per ml, 10 u,g of 
leupeptin per ml, 10 »ig of pepstatin per ml, 10 mM sodium vanadate, 10 mM 
sodium fluoride. 10 mM sodium pyrophosphate) per dish at various time points. 
Total-cell lysates were clarified by centrifugation at 10,000 X g for 10 min. 
Protein concentrations were determined by the protein assay (Bio-Rad Labora- 
tories). 

Immunoprccipitation and Western blot analysis. For the immunoprecipita- 
tion studies, identical amounts of protein from each sample were clarified by 
incubation with protein A-Sepharose or Gamma Bind Sepharosc (Pharmacia 
Biotech, Piscataway. N.J.) for 1 h at 4°C followed by a brief centrifugation. The 



solution was incubated for 4 h with different primary antibodies for each exper- 
iment or clarified overnight at 4°C. The antibody-antigen complexes were im- 
munoprecipitated by incubation for 2 h at 4°C with 50 \d of the protein A- 
Sepharose or Gamma Bind sepharosc (10% suspension). Nonspecific proteins 
were removed by washing the Sepharose beads three times with the modified 
RIPA buffer and once with phosphate-buffered saline. Bound proteins were 
solubilized in 40 ^.1 of 2x Laemmli buffer and further analyzed by immunoblot- 
ting. Samples were separated by SDS-PAGE (8% polyacrylamide) and then 
transferred to nitrocellulose membranes. The membranes were blocked with 5% 
nonfat milk protein and probed with primary antibody for 2 h at room temper- 
ature (RT) or overnight at 4°C. Immunoreactive bands were visualized by using 
horseradish peroxidase-conjugated secondary antibody and the enhanced chemi- 
luminescence system (Amersham Corp., Arlington Heights, III.). 

MAP and JNK kinase assays. Cell lysates were immunoprecipitated with 
ERK-1, ERK-2 (1:1) (for MAP kinase), or JNK antibodies (for JNK kinase) 
(Santa Cruz Biotechnology). The immune complexes were washed twice with 
RIPA buffer and twice with kinase buffer (50 mM HEPES [pH 7.4], 10 mM 
MgCl 2 , 20 \iM ATP). The complex was then incubated for 30 min at RT with the 
substrates myelin basic protein (MBP) (7 u.g) or glutathione 5-transferase 
(GST>c-Jun (4 u,g) for MAP and JNK kinase, respectively, and 5 u.Ci 
fr-' PjATP. The reaction was stopped by adding 2x SDS sample buffer and 
boiling the sample for 5 min at 10O°C. Proteins were separated by SDS-PAGE 
(12 or 15% polyacrylamide) and detected by autoradiography. 

c-Src kinase assay. The c-Src kinase assay was carried out as described pre- 
viously (23). Briefly, the immunoprecipitated complexes obtained by immuno- 
precipitating cell lysates with the c-Src antiserum were washed twice with RIPA 
buffer and once with kinase buffer (10 mM HEPES [pH 7.4], 5 mM MnCl„ 10 
jaM Na 3 V0 4 ). For in vitro kinase assays, the immune complex was incubated for 
30 min at RT in kinase buffer containing acid-denatured rabbit muscle enolase 
(Sigma Chemical Co.) and 5 u.Ci of ( 7 -* 2 P]ATP. The reaction was stopped by 
adding 2x SDS sample buffer and boiling the samples for 5 min. The samples 
were subjected to SDS-PAGE (10% polyacrylamide) and detected by autora- 
diography. 

Autophosphorylation assay. The autophosphorylation assay was done as de- 
scribed by Albini et al. (3). The Flk-I/KDR immunoprecipitates were incubated 
in kinase buffer (50 mM HEPES [pH 7.4], 10 mM MnCl 2 , 10 mM MgCU. I mM 
dilhiothreitol, 20 jxM ATP) plus 5 uXi ft- i: P]ATP for 30 min at 25 ; C The 
reaction was stopped by adding 2x SDS sample buffer. The samples were then 
subjected to SDS-PAGE (8% polyacrylamide), and the proteins were detected by 
autoradiography. 



RESULTS 

HIV Tat induces tyrosine phosphorylation of cellular pro- 
teins in KS celis. Signal transduction by the binding of ligands 
to cognate surface receptors involves the tyrosine phosphory- 
lation of an array of targets. Since HIV Tat has been shown to 
bind to the Flk-l/KDR receptor (3) and to integrin receptors 
(8, 60), we analyzed the spectrum of substrates phosphorylated 
after its stimulation of KS cells. As shown in Fig. 1A, Tat 
stimulation resulted in the increased tyrosine phosphorylation 
of several different proteins with approximate molecular 
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FIG. 2. Activation of the Flk-l/KDR receptor after HIV Tat treatments. KS 
cells were serum starved and treated with HIV Tat ( 100 ng/ml) for 2, 5, or 10 min. 
Total-cell lysates (1 mg) from treated or untreated cells were immunoprecipi- 
tated (IP) with anti-Flk-l/KDR receptor antibody. (A) lmmunoprecipitates were 
separated by SDS-PAGE (8% polyacryl amide) and subjected to serial Western 
blotting (WB) with antiphosphotyrosine antibody (top) and anti-Flk-l/KDR re- 
ceptor antibody (bottom). (B) lmmunoprecipitates were subjected to autokinase 
assay, and 32 P- incorporated proteins were resolved by SDS-PAGE (7.5% poly- 
acrylamide) followed by autoradiography. Control lane represents immunopre- 
cipitates of antibody alone. MW, molecular weight in thousands. P-TYR, phos- 
photyrosine. 



masses of 180, 120, 110, 100, 85, 70, 55, and 40 kDa. However, 
polymbcin B treatment did not induce any increase in tyrosine 
phosphorylation of the various proteins. Furthermore, we 
found that Tat at 100 ng/ml had a slightly greater effect than 
Tat at 10 ng/ml (Fig. IB). These results indicate that HIV-Tat 
can transduce signals by binding to surface receptors that result 
in induction of the tyrosine phosphorylation of a number of 
proteins. 

HIV Tat induces tyrosine phosphorylation and activation of 
the Flk-l/KDR receptor in KS cells. HIV Tat binds and acti- 
vates the Flk-l/KDR receptor (VEGFR-2) in vascular endo- 
thelial cells (3). We have previously shown that the Flk-l/KDR 
receptor is expressed in KS cells (34). We therefore investi- 
gated whether HIV Tat activates the Flk-l/KDR receptor 
(VEGFR-2) in these cells. As shown in Fig. 2, Tat stimulation 
resulted in an increase in tyrosine phosphorylation of this re- 
ceptor (Fig. 2A, top). Equivalent amounts of receptor protein 
were present in each lane, as confirmed by stripping and re- 
probing the membrane with anti-Flk-l/KDR antibody (Fig. 
2A, bottom). The autokinase activity of the Flk-l/KDR recep- 
tor was also activated upon Tat stimulation (Fig. 2B). 

RAFTK is tyrosine phosphorylated upon HIV Tat stimula- 
tion. RAFTK is a novel signaling molecule of the focal adhe- 
sion kinase family that has been shown to link surface signals 
from integrins, cytokines, and T-cell receptors to the cytoskel- 
. eton and downstream to the MAP kinase pathway in certain 
cell types (4, 6, 26, 32, 33, 53). RAFTK was recently shown to 
be phosphorylated upon VEGF stimulation in KS cells (34). 
We therefore investigated whether HIV Tat phosphorylates 
RAFTK. HIV Tat treatment of KS cells resulted in rapid 
tyrosine phosphorylation of RAFTK (Fig. 3, top). Equivalent 
amounts of RAFTK protein were present in these experiments 
(Fig. 3, bottom). 

HIV Tat stimulates tyrosine phosphorylation of paxitlin and 
its association with RAFTK. Cytoskeletal proteins such as pax- 
illin have been shown to be modulated during cell functions 
related to migration and adhesion (35). Paxillin is a focal ad- 
hesion protein that serves as a binding site for a number of 
important signaling molecules including crk, Src, and RAFTK/ 
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FIG. 3. "tyrosine phosphorylation of RAFTK by HIV Tat stimulation. Un- 
stimulated KS cells or KS cells stimulated with HIV Tat (100 ng/ml) were lysed 
in RIPA buffer. Total-cell lysates (1 mg) were immunoprecipitated (IP) with 
RAFTK polyclonal antibody, lmmunoprecipitates were size-fractionated on 
7.5% polyacrylamide gels, transferred to a nitrocellulose membrane, and then 
subjected to serial Western blotting (WB) with antiphosphotyrosine antibody 
(4G10; top) and anti-RAFTK antibody (bottom). Control lane represents im- 
munoprecipitates of antibody alone, and TCL lane represents 50 u.g of total-cell 
lysates. MW, molecular weight in thousands. P-TYR, phosphotyrosine. 



Pyk2 (9, 10, 35, 50, 51, 54). Thus, we sought to investigate 
whether HIV Tat treatment of KS 38 cells resulted in changes 
in the phosphorylation state of paxillin and its association with 
other proteins. As shown in Fig. 4A (top), HIV Tat stimulation 
resulted in enhanced tyrosine phosphorylation of paxillin. 
Equivalent amounts of paxillin were present in each lane (Fig. 
4A, bottom). Furthermore, we observed that paxillin was as- 
sociated with RAFTK and that this association was enhanced 
upon HIV Tat treatment (Fig. 4B). 

pl3(T" is tyrosine phosphorylated upon HIV Tat treatment. 
pl30"" which is a component of focal adhesions, is essential 
for many functions including the regulation of cell shape and 
adhesive properties (36). We observed that HIV Tat treatment 
also resulted in enhanced tyrosine phosphorylation of pi 30"" 
(Fig. 5, top). The blots were stripped and blotted with anti- 
pl3(T" antibody (Fig. 5, bottom). 
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FIG. 4. Phosphorylation of paxillin and its association with RAFTK. KS cells 
were stimulated with HIV Tat (100 ng/ml) for various limes, and stimulated or 
unstimulated cell lysates were immunoprecipitated (IP) with anti-paxillin anti- 
body. (A) The immunoprecipitates were then run on SDS-PAGE and subjected 
to Western blotting (WB) with antiphosphotyrosine antibody (top) and anti- 
paxillin antibody (bottom). (B) The cell lysates were immunoprecipitated with 
anti-RAFTK antibody run on SDS-PAGE (7.5% polyacrylamide) and blotted 
with paxillin antibody. Control lane represents immunoprecipitates of antibody 
alone, and TCL lane represents 50 ^g of total-cell lysates. MW, molecular weight 
in thousands. P-TYR, phosphotyrosine. 
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FIG. 5. HIV Tat treatment of KS cells stimulates tyrosine phosphorylation of 
pi SO"". Unstimulated or HIV Tat-stimulated KS cell lysates were immunopre- 
cipitated (IP) with anti-pW". The immunoprecipitates were subjected to SDS- 
PAGE (7.5% polyacrylamide). transferred to a nitrocellulose membrane, and 
Western blotted (WB) with amiphosphotyrosine antibody 4G10 (top). The same 
blots were stripped and blotted with anti-p130"" antibody ( bottom). Control lane 
represents immunoprecipitates of antibody atone, and TCL lane represents 50 
M-g of total-cell lysates. MW, molecular weight in thousands. P-TYR, phospho- 
tyrosine. 
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FIG. 7. Activation of MAP kinase and JNK upon Tat stimulation. (A) KS 
cells were stimulated with Tat (100 ng/ml) and immunoprecipitated with ERK-1 
or ERK-2 antibody and then subjected to an in vitro kinase assay with MBP (7 
u.g) as a substrate. (B) Stimulated KS cells were immunoprecipitated with JNK 
antibody and subjected to an in vitro kinase assay with GST-c-Jun (1 to 79 amino 
acids) as the substrate. The J2 P-labeled proteins were subjected to SDS-PAGE 
(12% polyacrylamide) followed by autoradiography. Control lane represents 
immunoprecipitates of antibody alone. 
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HIV Tat stimulates tyrosine phosphorylation and activation 
of c-Src kinase. The Src family kinases have been shown to be 
activated by various growth factors and act to transmit growth 
signals downstream via adaptor molecules, RAFTK/Pyk2, and 
other substrates (15, 16, 61). KS 38 cells express c-Src kinase 
(data not shown). HIV Tat treatment of KS 38 cells resulted in 
rapid tyrosine phosphorylation of c-Src kinase (Fig. 6A, top). 
Equivalent amounts of c-Src were present in each lane (Fig. 
6A, bottom). An in vitro kinase assay in which enolase was 
used as an exogenous substrate demonstrated that HIV Tat 
stimulation of KS cells resulted in the activation of the intrinsic 
kinase activity of c-Src (Fig. 6B). 

Activation of the MAP pathway in KS cells after HIV Tat 
treatment. ERK and JNK kinases are important members of 
the MAP kinase family and have been shown to act as down- 
stream mediators of the RAFTK/Pyk2 signaling pathway in 
PC12 neuronal cells (32, 59). We examined whether Tat treat- 
ment, which activated RAFTK, was also able to activate vari- 
ous members of the MAP kinase pathway. As shown in Fig. 7, 
HIV Tat stimulation of KS 38 cells resulted in activation of 
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FIG. 6. Activation of Src kinases upon HIV Tat stimulation. Total-cell ly- 
sates (500 u.g) from unstimulated or HIV Tat-stimulated cell lysates were im- 
. munoprecipitated (IP) with anti-Src antibody. The immune complexes were 
subjected to Western blotting (WB) with amiphosphotyrosine antibody (top) 
followed by c-Src antibody (bottom) (A) or an in vitro kinase assay with enolase 
as the substrate. The 3 2 P- incorporated proteins were resolved by SDS-PAGE 
(7.5% polyacrylamide) followed by autoradiography. Control lane represents 
immunoprecipitates of antibody alone, and TCL lane represents 50 jig of total- 
cell lysates. MW, molecular weight in thousands. P-TYR, phosphotyrosine. 



ERK and JNK kinases as determined by the phosphorylation 
of MBP and GST-c-Jun, respectively. p38 MAP kinase activity 
was not enhanced under these conditions (data not shown). 

Tat basic and RGD peptides activate RAFTK and the MAP 
kinase pathway. Tat contains several functional domains, in- 
cluding a basic domain spanning amino acids 46 to 60 and an 
RGD-containing domain spanning the carboxyl terminus of 
the molecule (amino acids 65 to 80). Having observed that 
full-length Tat stimulation resulted in phosphorylation of 
RAFTK and activation of the MAP kinase pathway, we studied 
whether treatment with basic or RGD-containing Tat peptides 
also resulted in activation of these kinases. As seen in Fig. 8, 
stimulation with both basic and RGD-containing peptides re- 
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FIG. 8. Phosphorylation of RAFTK and activation of MAP kinase by basic 
and RGD domain-containing peptides of Tat. KS cells were stimulated with 
peptides containing either the basic or RGD domain of Tat or a control peptide. 
(A) The cell lysates were immunoprecipitated (IP) with RAFTK antibody, and 
immune complexes were subjected to SDS-PAGE (7.5% polyacrylamide) and 
subjected to Western blotting (WB) with antiphosphotyrosine antibody followed 
by anti-RAFTK antibody. (B) The cell lysates were immunoprecipitated with 
ERK-1 or ERK-2 antibody, and immune complexes were subjected to an in vitro 
kinase assay with MBP as the substrate. The samples were subjected to SDS- 
PAGE (12% polyacrylamide) followed by autoradiography. Control lane repre- 
sents immunoprecipitates of antibody alone. MW, molecular weight in thou- 
sands. P-TYR, phosphotyrosine. 
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suited in phosphorylation of RAFTK (Fig. 8A) and activation 
of MAP kinase (Fig. 8B). However, a control 15-amino-acid 
unrelated peptide did not activate MAP kinase under similar 
conditions (Fig. 8B) V 

DISCUSSION 

Various etiological factors implicated in KS include the re- 
cently discovered human herpesvirus 8 (HHV-8)/Kaposi's sar- 
coma herpesvirus (KSHV) (45, 48), cytokines, and HIV Tat (2, 
11, 17, 19, 25, 52). There is an extensive literature supporting 
a role for HIV Tat in regulating the growth and spread of KS 
cells and chemotaxis in monocytes (31, 44). However, relatively 
little is known about the signaling pathways used by HIV Tat 
that mediate these effects within ICS cells or other monocytes 
(44). Tat can be released by HIV-infected cells (14, 21), and 
the protein might either be taken up by the target cells and 
//ww-activate growth-related genes (11) or act as a paracrine 
growth factor by binding to cell surface receptors and leading 
to the generation of intracellular signals that modulate KS 
spindle cell growth and spread (3, 8, 19, 60). We observed that 
HIV Tat treatment of KS cells activated the Flk-I/KDR recep- 
tor (VEGFR-2) for VEGF-A. This effect may be mediated by 
direct binding of Tat to the Flk-1 receptor through its basic 
domain, since HIV Tat has recently been reported to bind to 
this receptor in endothelial cells (3). Moreover, VEGF-A has 
been shown to act as an autocrine growth factor for KS and 
therefore may play an important role in KS pathogenesis (38). 

Since HIV Tat has been shown to affect cell migration, 
which involves alteration in cytoskeletal elements, we analyzed 
the phosphorylation of RAFTK, paxillin, and pl30"", compo- 
nents of focal adhesions. We observed that Tat stimulation 
resulted in the tyrosine phosphorylation of all three compo- 
nents of focal adhesions. RAFTK, which is also known as Pyk2 
or Cak-0, is a novel member of the focal adhesion kinase 
family and has previously been shown to be activated upon 
VEGF-A stimulation in KS cells (34) and integrin stimulation 
in megakaryocytes and B cells (4, 33). RAFTK has been shown 
to act as a "platform kinase" and to link growth factor and 
stress signals (such as UV and osmotic shock) to the nucleus 
and cytoskeleton in neuronal and hematopoietic cells (4, 26, 
32). Paxillin and pl3CT" have also been shown to participate in 
integrin- and VEGF-mediated signal transduction pathways (1, 
4, 5, 36, 54). Our data revealed that Tat induces a rapid ty- 
rosine phosphorylation of RAFTK, which reaches a maximum 
around 2 min and declines thereafter. However, paxillin ty- 
rosine phosphorylation reaches a maximum after 5 min. This 
suggests that tyrosine phosphorylation of RAFTK leads to its 
activation and that activated RAFTK may phosphorylate pax- 
illin. RAFTK has been shown to phosphorylate paxillin in 
hematopoietic cells (29, 50). We also observed that there was 
an enhanced association of paxillin with RAFTK upon Tat 
stimulation. Paxillin has previously been shown to be associ- 
ated with RAFTK and FAK in various cell types through the 
proline-rich COOH terminus (9, 26, 27, 50). Phosphorylation 
of RAFTK, pl3CT", and paxillin and association of RAFTK 
with paxillin may result in the formation of a cytoskeletal 
complex, which contributes to chemotaxis. 

c-Src, MAP, and JNK kinases are also activated upon Tat 
treatment in KS cells. These kinases are thought to play im- 
portant roles in regulating cellular proliferation (22, 58). Fur- 
thermore, c-Src also plays a role in regulating adhesion, since 
v-Src-transformed cells have morphologically abnormal focal 
adhesions and are defective in cell substrate adhesion (22, 58). 
Recent studies also indicate that RAFTK mediates G-protein- 
coupled activation of Src and MAP kinases in PC12 cells (16). 



Both the basic and RGD Tat peptides resulted in the acti- 
vation of KS cells, with phosphorylation of RAFTK and acti- 
vation of MAP kinase. The basic-domain-containing peptide 
may mediate its effect by binding to the Flk-l/KDR receptor 
(VEGFR-2). Recently, Albini et al. (3) showed that Tat basic 
peptide can induce tyrosine phosphorylation of the Flk-l/KDR 
receptor (VEGFR-2) whereas the RGD-containing peptide 
does not activate the Flk-l/KDR receptor. However, the 
RGD-containing peptide may induce signaling by binding to 
integrin receptors. RAFTK has been shown to participate in 
both Flk-1- and integrin-mediated signaling pathways in hema- 
topoietic and other cells (4, 34, 36). 

Our data provide new information on HIV-Tat-induced sig- 
nal transduction pathways in KS cells and demonstrate how 
Tat may act at a molecular level to modulate chemotaxis and 
cell proliferation in these cells. Tat has previously been shown 
to activate phosphatidylinositol 3-kinase in PC12 neuronal 
cells (41). We add to this report data on Tat stimulation and 
subsequent activation of the Flk-1 receptor and phosphoryla- 
tion of the recently identified focal adhesion components 
RAFTK and pi 30™. The characterization of the Tat-induced 
signal transduction pathway in KS may provide insights into 
developing targeted therapies to inhibit its growth and spread. 
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Overexpression and autocrine activation of the epidermal growth factor receptor (EGF-R) cause transfor- 
mation of cultured cells and correlate with tumor progression in cancer patients. Dimerizatlon and 
transphosphorylaUon are crucial events in the process by which receptors with tyrosine kinase activity generate 
normal and transforming cellular signals. Interruption of this process by inactive receptor mutants offers the 
potential to inhibit ligand-induced cellular responses. Using recombinant retroviruses, we have examined the 
effects of signalling-incompetent EGF-R mutants on the growth-promoting and transforming potential of 
Ugand-activat^, overexpressed wild-type EGF-R and the v-«r*B oncogene product. Expression of a soluble 
extracellular EGF-R domain had little if any effect on the growth and transformation of NIH 3T3 cells by either 
tyrosine kinase. However, both a kinase-negative EGF-R point mutant (HERK721A) and an EGF-R lacking 
533 C-tenninal amino acids efficiently inhibited wild-type EGF-R-mediated, de novo DNA synthesis and cell 
translation in a dose-dependent manner. Furthermore, coexpression with the v-er6BES4 oncogene product 
in NIH 3T3 cells resulted in transphosphorylaUon of the HERK721A mutant receptor and reduced soft-agar 
colony growth but had no effect in a focus formation assay. These results demonstrate that signalliiig-defective 

^^Vri^ 6 l ^ aSe ™ U ? n ! S <H "S5f"* mterfcrc oogenic signals generated by either overex- 
pressed EGF-R or the retroviral v-tr£BES4 oncogene product. 



The epidermal growth factor receptor (EGF-R) is a 170- 
kDa glycoprotein with intrinsic protein tyrosine kinase ac- 
tivity (47). Ligand-induccd receptor dimerization is thought 
to generate an allosteric signal that is transmitted across the 
plasma membrane and translated into stimulation of the 
kinase activity (for a review, see reference 48). While EGF 
normally generates a mitogenic response in fibroblasts, 
hyperstimulation of the EGF-R signalling pathway by ligand- 
activated, overexpressed receptors or the structurally al- 
tered retroviral \-erbB oncogene product leads to transfor- 
mation of mouse NIH 3T3 ceUs (8. 39) or chicken embryo 
fibroblasts, respectively (8, 23, 39). Indeed, v-erbB expres- 
sion after avian erythroblastosis virus infection causes eryth- 
roleukemia and fibrosarcomas in chicks (12-14). Moreover, 
EGF-R is overexpressed in many types of human cancer 
tumors, in most cases accompanied by transforming growth 
factor alpha (TGFa) expression, suggesting the involvement 
of an autocrine activation mechanism in oncogenesis (7, 9). 
Overexpression of a structurally related growth factor recep- 
tor-type tyrosine kinase, the EGF-R-like proto-oncogene 
product, pl85 HER2 ""« (or pl85 c -* B2 ), also results in NIH 
3T3 cell transformation and tumorigenesis in nude mice (8, 
19). Extensive clinical evidence strongly supports the role of 
the EGF-R and P 185 HER2/ "" in the progression of human 
breast, ovarian, squamous, gastric, and non-small-cell lung 
carcinomas, as well as various types of brain cancers (2, 15, 
22, 28, 40, 42, 43, 52). Knowledge of the structures and 
signalling functions of these cell surface receptors provides a 
unique opportunity for the design of therapeutic reagents 
which target these proteins, with the goal of interrupting an 
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autocrine activation cycle, downregulating the receptor, or 
otherwise inhibiting its signalling activity. 

The necessity of receptor tyrosine kinases (RTKs) to 
dimerize (41), thereby allowing interreceptor transphosphor- 
ylation and activation, offers a means by which to inhibit 
these receptors. EGF-induced receptor dimers have been 
detected both in cell-free systems (53) and in living cells (6). 
The purified EGF-R extracellular domain, alone, undergoes 
ligand-induced oligomerization, which indicates that this 
function is an intrinsic property of the ligand-binding domain 
(27). In addition, the A431 cell-derived, purified extracellular 
domain was shown to inhibit EGF-R phosphorylation activ- 
ity in vitro (1), a result which suggests that receptor dimer- 
ization not only is a consequence of ligand interaction but 
also is essential for biological signal generation. This require- 
ment has not yet been demonstrated for the mutated EGF-R 
derivative v-erbB. 

Recent studies have shown that an EGF-R mutant lacking 
most of the cytoplasmic domain is able to form heterodimers 
with wild-type (wt) receptors when expressed in the same 
cell. These heterodimers are not subject to EGF-induced 
tyrosine autophosphoryiation. Furthermore, coexpression 
of mutant and wt receptors diminished the number of high- 
affinity EGF binding sites and reduced the rate of ligand- 
induced receptor degradation (20). In other studies, a kinase- 
negative EGF-R point mutant was coexpressed in cells with 
an active EGF-R mutant which lacked carboxy-terminal 
sequences. While the kinase-negative mutant was transphos- 
phorylated, its expression in NIH 3T3 cells increased the 
ligand requirement for EGF-stimulated DNA synthesis (18). 
These experiments demonstrate extensive cross-talk and 
transactivation between EGF-R monomers, properties that 
render this signalling pathway potentially sensitive to inac- 
tivation by expression of receptor mutant polypeptides. 
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To further investigate the biological consequences of 
dominant-negative EGF-R mutants in intact cells, we gener- 
ated a series of recombinant retroviruses that encode EGF 
receptors bearing point or deletion mutations and examined 
their growth-inhibitory and anti-oncogenic potential upon 
coexpression with wt EGF-R or the v-erbB oncogene prod- 
uct in NIH 3T3 cells. 

MATERIALS AND METHODS 

Generation of recombinant retroviruses. The retroviral 
expression vectors pN2, pNTK2, pNTK-v-erbBES4, and 
pNTK-HERc have been described previously (21, 44, 50). 
pNTK-HERK721A was generated by cloning a Bglll frag- 
ment from CMV-HERK721A into pNTK-HERc. pNTK- 
HERCD-533 was created by generating Clal restriction sites 
on both sides of an Xbal-Xhol 2-kb fragment from 
pLSXNA8 (29), using standard cloning procedures, and 
ligating the 2-kb Clal fragment with C/al-digested pNTK2. 
The NTK-HERCD-566 construct was created by cloning a 
Clal fragment from CVNHERXCD (19a) into the Clal site of 
pNTK2. Ecotrophic recombinant retrovirus stocks were 
prepared from the helper virus-free producer line GP+E-86 
(31). Stable GP+E-86 producer lines were generated by 
using a modified infection protocol (33). Low-titer am- 
photrophic virus, which was generated by transient trans- 
fection of retrovirus expression plasmids into the helper 
virus-free packaging cell line PA 317 (34), was used to infect 
GP+E-86 secondary packaging cells, followed by selection 
of GP+E-86 producer line clones in G418 (1 mg/ml). The 
virus titer was determined by infecting NIH 3T3 cells with 
serial dilutions of retrovirus-containing cell-free GP+E-86 
supernatants and determining the number of G418-resistant 
colonies. A retrovirus (i|i2TGFa) containing TGFa gene 
sequences was kindly provided by David Lee (3). The titers 
were about 5 x lG^/ml for wt and mutant receptor viruses 
and 5 x lOVml for the i|>2TGFa virus. 

Retrovims-mediated gene transfer. Subconfluent NIH 3T3 
cells (10 5 cells per 6-cm plate) were incubated with superna- 
tants of GP+E-86 cells releasing high-titer NTK-HERc or 
NTK v-erbBES4 virus (5 x 10 3 G418 r CFU/ml; multiplicity 
of infection [MOI] of 5) for 4 to 12 h in the presence of 
Polybrene (4 u,g/ml; Aldrich) and afterwards incubated in 
supernatant of GP+E-86 cells releasing high titers of ei- 
ther N2, NTK-HERK721A, NTK-HERCD-533, or NTK- 
HERCD-566 virus. The level of receptor expression was 
increased by multiple rounds of infection (4). In the experi- 
ments described, infection was carried out once with 1 ml of 
a diluted supernatant (MOI of 1.25) or one or four times with 
the same volume of undiluted supernatants (MOI of 5 and 20) 
of GP+E-86 cells releasing high titers of either N2, 
NTK+HERK721A, NTK-HERCD-533, or NTK-HERCD- 
566 virus. 

Receptor phosphorylation in intact cells. Cells infected as 
described above were grown in 10-cm plates to 90% conflu- 
ence, washed, and grown for 16 h in methionine-free Dul- 
becco modified Eagle medium (DMEM; GIBCO) supple- 
mented with 1% fetal calf serum (FCS) containing 50 u>Ci of 
[ SJmethionine (Amersham) per ml. Cells were stimulated 
for 10 min with EGF (20 ng/ml; kindly provided by Amgen 
Corp.) and lysed in 0.5 mi lysis buffer (50 mM Af-2-hydroxy- 
ethylpiperazine-AT-2-ethanesulfonic acid [HEPES; pH 7.2], 
150 mM NaCl, 1.5 MM MgCl, 1 mM EGTA, 10% glycerol, 
1% Triton X-100, 1 mM phenylmethylsulfonyl fluoride, 10 
mg of aprotinin per ml, 100 u,M sodium orthovanadate) at 
4°C. The lysates were centrifuged for 10 min at 4°C in an 



Eppendorf centrifuge (-12,000 x g). The supernatants were 
then incubated with an excess of monoclonal antibody 
(MAb) 108.1 or polyclonal rabbit peptide antibody RK2 (24) 
and protein A-Sepharose for 4 h at 4°C. Immunoprecipitates 
were washed twice with HNTG (20 mM HEPES [pH 7.3], 
150 mM NaCl, 0.1% Triton X-100, 10% glycerol). The pellet 
was then resuspended in sample buffer, boiled for 5 min, and 
analyzed by sodium dodecyl sulfate (SDS)-polyacrylamide 
gel electrophoresis (PAGE). Proteins were transferred elec- 
trophoretically to nitrocellulose and subsequently incubated 
with a mouse monoclonal antiphosphotyrosine antibody 
(5E2; 11). For detection, the nitrocellulose filter was incu- 
bated with a peroxidase-coupled goat anti-mouse antibody, 
followed by an enhanced chemiluminescence (ECL) sub- 
strate (Amersham) reaction. After detection of the ECL 
substrate reaction on Kodak X-Omat film, nitrocellulose 
filters were washed with phosphate-buffered saline (PBS) 
containing 0.2% Tween 20. Subsequently, [ 3S S]methionine- 
labeled proteins were detected by autoradiography. The 
intensity of the bands was determined by densitometry. 

['H]thymidine incorporation. Subconfluent NIH 3T3 cells 
(10 cells per 6-cm plate) were coinfected as described with 
NTK-HERc, followed by four cycles of infection with either 
N2, NTK-HERK721A, NTK-HERCD-533, or NTK-HER 
CD-566. Cells were split in 12-well Costar dishes. After 
reaching confluence, the cell monolayers were starved for 24 
h in 0.5 ml of DMEM-0.5% FCS, and 18 h after EGF 
addition, ceils were labeled with 0.5 u£i of [*i<?rtry/- 3 H]thy- 
midine (Amersham) for 4 h. Cells were washed twice with 
PBS and then precipitated with 10% trichloroacetic acid for 
1 h on ice. The precipitate was washed with 10% trichloro- 
acetic acid and solubilized in 200 uJ of 0.2 N NaOH-0.2% 
SDS. Lysates were neutralized, and the incorporated radio- 
activity was quantitated by scintillation counting. 

Transformation assays. To examine the ability of NIH 3T3 
cells to form colonies in soft agar, subconfluent NIH 3T3 
cells (10 5 cells per 6-cm plate) were infected with NTK- 
HERc or NTK-v-erbBES4 virus (MOI of 5), followed by 
four cycles of infection with either N2, NTK-HERK721A, 
NTK-HERCD-533, or NTK-HERCD-566 (MOI of 5 each). 
In cases in which an autocrine stimulus was to be created, 
cells were superinfected with t|i2TGFa vims (MOI of 0.2)! 
Cells were plated in a 6-cm dish in the presence or absence 
of EGF (10 ng/ml) in a top layer of 3 ml of DMEM containing 
10% FCS and 0.2% agar (GIBCO). The bottom layer con- 
tained DMEM, 10% FCS, and 0.4% agar. Visible colonies 
were scored after 4 weeks. 

For focus formation assays, subconfluent NIH 3T3 cells 
(10 5 cells per 6-cm plate) were coinfected with NTK-HERc 
(MOI of 0.1) or NTK-v-erbBES4 (MOI of 0.05), followed by 
four cycles of infection (MOI of 5 each) with either N2, 
NTK-HERK721A, NTK-HERCD-533. or NTK-HERCD- 
566. Infected cells were grown on 6-cm dishes with DMEM 
containing 4% FCS in the presence or absence of EGF (10 
ng/ml). Medium was changed every 3 days. Plates were 
stained with crystal violet, and foci were scored on day 18. 
Under superinfection conditions with »|*2TGFa virus (MOI of 
0.01), an MOI of 5 was used for the NTK-HERc virus. 

RESULTS 

To investigate the effects of various EGF-R mutants on 
the biological signalling activities of either wt EGF-R or the 
v-er6BES4 oncogene product, we infected NIH 3T3 cells 
with replication-defective retroviruses containing wt viral 
and signalling-defective mutant receptor genes under the 
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FIG. 1. Schematic representation of human wt and mutant 
EGF-R. Locations of cysteine-rich (cys), tyrosine kinase (TK), and 
transmembrane (TM) receptor domains are indicated. HERK721A 
carries a point mutation at position 721 (Lys -» Ala), while HERCD- 
533 and HERCD-566 have C-terminal deletions of 533 and 566 amino 
acids, respectively (17, 19a, 29). 



control of the mouse thymidine kinase promoter. Simulta- 
neous infection with signalling-competent and -defective 
mutant EGF-R viruses at different relative MOIs provided 
quantitatively defined coexpression of different proteins in 
the same cell and circumvented the need for lengthy selec- 
tion procedures and the risk of clonal influences on the 
cellular responses measured. In this manner, we determined 
the effects of various levels of mutant receptor expression on 
wt EGF-R and v-erfcBES4 phosphorylation and tyrosine 
kinase-mediated mitogenic and oncogenic signal generation. 
This experimental approach made it possible to characterize 
even severely negative effects of specific EGF-R mutants 
(Fig. 1). 

Inhibition of EGF-R and v-erbB phosphorylation in living 
cells. Ligand binding to the EGF-R activates its tyrosine 
kinase activity, which triggers rapid phosphorylation of five 
tyrosine residues in the C-terminal tail region (10, 30, 51). 
This phosphorylation of receptor tyrosines is an early and 
crucial event in the signal transduction process, and there is 
increasing evidence that it is the consequence of receptor 
dimerization and transphosphorylation (18, 25). In addition, 
structural alterations, including extensive truncations, dele- 
tions, and point mutations, can lead to constitutive activa- 
tion of the EGF-R kinase, as exemplified by the activities of 
the v-erfcB oncogene product (26). Whether the generation of 
a transforming signal by this oncoprotein also involves 
intermolecular activation in a dimeric complex remains to be 
established. 

Cells infected with either wt EGF-R virus alone at an MOI 
of about 5 or doubly infected with the same amount of wt 
receptor virus and increasing doses (MOIs of 1.25, 5, and 20) 
of mutant receptor viruses were labeled with [ 33 S]methio- 
nine, incubated in the presence or absence of EGF for 10 
min, lysed, and tmmunoprecipitated with a mouse anti- 
human EGF-R antibody (MAb 108). Samples were subjected 
to SDS-PAGE and transferred to nitrocellulose filters, and 
tyrosine phosphorylation was detected by using the mouse 
antiphosphotyrosine-specific antibody 5E2 (11) (Fig. 2A). 
The amount of receptor present in the immunoprecipitates 
was detected by autoradiography of the same nitrocellulose 
filter (Fig. 2B). 

As shown in Fig. 2 A (lanes b and c), EGF addition to 
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FIG. 2. Effect of mutant EGF-R expression on wt receptor phos- 
phorylation. NIH 3T3 cells were infected with NTK-HERc virus 
(MOI of 5) and subsequently superinfected at MOIs of 1.23, 5, and 20 
with N2, NTK-HERK721A, NTK-HERCD-533, or NTK-HERCD- 
566 virus. (A) Tyrosine phosphorylation of EGF-R in intact NIH 3T3 
cells coexpressing EGF-R mutants. Cells infected with either wt re- 
ceptor virus alone or doubly infected with wt and mutant receptor vi- 
ruses were labeled overnight with ["Slmethionine and, after stimu- 
lation with EGF (20 ng/ml) for 10 min and solubilization, precipitated 
with anti-EGF-R MAb 108, separated by SDS-PAGE, and analyzed 
by immunoblotting with antiphosphotyrosine antibody 5E2, followed 
by the ECL detection system. (B) Receptor expression on NIH 3T3 
cells. The nitrocellulose filters from panel A were reused to detect 
expression of wt and mutant receptors in infected cells. After the filter 
was washed with PBS containing 0.2% Tween 20, [ 33 S]met)uonine- 
labeled proteins were detected by autoradiography. (Q Effect of 
kinase-negative coexpression on v-erbB phosphorylation on tyrosine. 
NIH 3T3 ceUs were infected with NTK-v-erbBES4 virus (MOI of 5) 
and subsequently superinfected at an MOI of 20 with the NTK-HERK 
721 A virus. CeUs were then solubilized, precipitated with EGF-R 
antibody RK2, separated by SDS-PAGE, and analyzed by immuno- 
blotting with antiphosphotyrosine antibody 5E2 and the ECL detection 
system. Positions of size markers are shown in kilodaltons on the right. 
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intact NIH 3T3 cells infected with wt EGF-R vims strongly 
induced tyrosine phosphorylation of the 170-kDa EGF-R 
band. Phosphorylation decreased the electrophoretic mobil- 
ity of the EGF-R in SDS-PAGE compared with unphosphor- 
ylated EGF-R (Fig. 2B, lanes b and c). This level of 
EGF-stimulated wt receptor phosphorylation was not dimin- 
ished upon coexpression of the soluble EGF-R extracellular 
domain, encoded by the NTK-HERCD-566 virus genome, 
even when the extracellular domain was expressed at a 
significant excess relative to the wt receptor (Fig, 2A, lanes 
d to f; Fig. 2B, lanes d to f). 

In contrast, in an analogous experiment using a virus 
expressing the membrane-anchored EGF-R deletion mutant 
HERCD-533 (Fig. 1), a strong dose-dependent inhibition of 
EGF-induced, wt EGF-R phosphorylation was observed 
(Fig. 2A, lanes g to i), even though the level of 170-kDa 
EGF-R protein remained constant (Fig. 2B, lanes g to i). The 
intensity of the tyrosine phosphorylation signal bands de- 
creased from 100 to 71 to 30%. Under these conditions, the 
wt EGF-R displayed the same electrophoretic characteris- 
tics as an unphosphorylated receptor (Fig. 2B, lane i), which 
was consistent with its state of tyrosine phosphorylation, 
detected by MAb 5E2 (Fig. 2A, lane i). 

When cells were coinfected with constant doses of wt 
receptor (MOI of 5) and increasing amounts of virus encod- 
ing the kinase-negative mutant HERK721A, increased ty- 
rosine phosphorylation of the 170-kDa band was detected in 
lysates of EGF-stimulated cells (Fig. 2A, lanes k to m). The 
intensity of the receptor tyrosine phosphorylation signal in 
Fig. 2A (lanes k to m) increased from 251 to 337 to 450%, as 
measured by densitometry analysis of autoradiographs (not 
shown). As the wt receptor and the kinase-negative mutants 
are of the same size, the increased 170-kDa signal in Fig. 2B 
(lanes k to m) likely reflects the sum of phosphorylation of 
both receptors and was apparently the result of transphos- 
phorylation between active HERc and multiple kinase-de- 
fective HERK721A receptors. 

Similarly, we examined the consequences of NTK-v- 
erbBES4 and signalling-defective mutant virus coinfection 
on the phosphorylation states of the coexpressed proteins. 
Neither HERCD-566 nor HERCD-533 had any apparent 
effect on v-<?rfcBES4 phosphorylation in coinfected cells (not 
shown). Simultaneous expression of \-erbBES4 and the 
kinase-defective HERK721A point mutant in coinfected 
cells resulted in a marked and reproducible decrease of 
v-erfcBES4 66- and 74-kDa band phosphorylation in compar- 
ison with the control experiment in which the N2 virus was 
used (Fig. 2C). 

Concomitant with the reduction in v-er&BES4 phosphoty- 
rosine content, strong tyrosine phosphorylation of the 170- 
kDa HERK721A mutant receptor was observed, which 
suggested interaction and transphosphorylation between the 
oncogene product and HERK721A. However, it is important 
to note that the intensity of the phosphorylation signal did 
not reflect the relative expression levels of p66774 versus 
pl70 polypeptide (about 1:4), as determined by immunoblot- 
ting with RK2 polyclonal antiserum (not shown). 

Inhibition of EGF-induced autogenic response. EGF stim- 
ulates a mitogenic response in NIH 3T3 fibroblasts express- 
ing the EGF receptor (37, 39). To determine the conse- 
quences of receptor mutations, we investigated the effects of 
mutant receptors on wt EGF-R mitogenic signalling by 
measuring induction of DNA synthesis in quiescent, con- 
fluent cell monolayers. 

DNA synthesis in cells infected with the NTK-HERc virus 
(MOI of 5) and the N2 virus control (MOI of 5), as deter- 





EGF (ng/ml) 

FIG. 3. EGF-stimulated [ 3 H]thymidine incorporation. Cells 
were infected with either wt receptor virus alone (dashed lines) or 
with wt and mutant receptor viruses under conditions described in 
Materials and Methods. HERc/HERK721A (A), HERc/HERCD-533 
(B), and HERc/HERCD-566 (C) were grown to confluence in 12-well 
Costar dishes and starved for 2 days in DMEM containing 0.5% 
FCS, after which 10% FCS or different concentrations of EGF were 
added. At 18 h after EGF addition, [ 3 H]thymidine (0.5 u,Ci per well) 
was added for 4 h, and its incorporation into DNA was determined. 
The mitogenic response was scaled to demonstrate dose-response 
relationships. The values were corrected for basal thymidine incor- 
poration, and the maximal observed response to EGF was defined as 
100%. The arrowhead indicates half-maximal thymidine incorpora- 
tion. Numbers represent averages of two independent experiments. 



mined by [ 3 H]thymidine incorporation, was maximally stim- 
ulated by EGF at 2 ng/ml, with half-maximal stimulation 
(50% effective dose) at 0.66 ng/ml (Fig. 3). Similar to earlier 
observations (16, 39), higher EGF concentrations resulted in 
lower levels of ( 3 H]thymidine incorporation, as indicated by 
the decline in the dose-response curve (Fig. 3). Coexpres- 
sion of EGF-R (single infection, MOI of 5) with HERCD- 
533 and HERK721A (four sequential infection cycles, MOI 
of 5 each) led to a marked shift of the dose-response curve 
to higher EGF concentrations (Fig. 3A and B), indicat- 
ing that the cells had become less responsive to the 
growth factor compared with HERc/N2 cells. The deletion 
mutant HERCD-533 and the kinase-deficient point mutant 
HERK721A (Fig. 1) had similar effects on wt EGF-R mito- 
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TABLE 1. Effects of dominant negative mutants on EGF-R/ 
v-er£B-mediated colony formation 0 



No. of colonies/10 6 CFU 



Infection 


+ EGF 


+ <Ji2 


No 




(10 ng/ml) 


TGFa 


ligand 


N2 


0 


0 




NTK-HERK721A 


0 


0 




NTK-HERCD-533 


0 


0 




NTK-HERCD-566 


0 


0 




NTK-HERc/N2 


246 


148 




NTK-HERc/NTK-HERK721A 


8 


2 




NTK-HERc/NTK-HERCD-533 


6 


4 




NTK-HERc/NTK-HERCD-566 


128 


100 




NTK-v-erbB-ES4/N2 






180 


NTK-v-erbB-ES4/NTK-HERK721A 






68 


NTK-v-erbB-ES4/NTK-HERCD-533 






128 



a Colonies were counted after 4 weeks. Numbers represent averages of 
three (v-erbB) or four (HERc) independent experiments with duplicate 
determinations and maximal 10 to 15% variation observed between experi- 
ments. 



TABLE 2. Inhibition of NIH 3T3 cell focus formation by 
dominant negative EGF-R mutant viruses' 





No. ol 


r foci/10 6 CFU 


Infection 


+ EGF 


+ *2 


No 




(10 ng/ml) 


TGFa 


ligand 


N2 


0 


0 




NTK-HERK721A 


0 


0 




NTK-HERCD-533 


0 


0 




NTK-HERCD-566 


0 


0 




NTK-HERC/N2 


920 


480 




NTK-HERC/NTK-HERK721A 


40 


18 




NTK-HERc/NTK-HERCD-533 


90 


14 




NTK-HERc/NTK-HERCD-566 


910 


500 




NTK-v-erbB-ES4/N2 




3,000 


NTK-v-erbB-ES4/NTK-HERK721 A 






2,850 


NTK-v-crbB-ES4/NTK-HERCD-533 






2,770 


NTK-v-erbB-ES4/NTK-HERCD-566 






2,800 



0 Foci were counted after 14 to 16 days. Numbers represent averages of 
three (v-erbB) or four (HERc) independent experiments with duplicate 
determinations and maximal 10 to 15% variation observed between experi- 
ments. 



genie signalling, causing a 10-fold increase of the 50% 
effective dose to 6.6 ng of EGF per ml. In contrast, super- 
infection with NTK-HERCD-566 vims had no significant 
effect on wt EGF-R-mediated stimulation of DNA synthesis 
by EGF (Fig. 3C). 

Anti -oncogenic activity of EGF-R mutants, Overexpression 
of EGF-R causes EGF-dependent cell transformation of 
NIH 3T3 cells (8, 39, 49). To examine whether the oncogenic 
activity of overexpressed EGF-R could be inhibited with 
either of the three mutant receptors, we performed double- 
infection experiments with NTK-HERc virus and either of 
the mutant receptor viruses and determined their ability to 
induce the formation of colonies in soft agar or foci in cell 
monolayers. Stimulation of overexpressed EGF-R was 
achieved by either EGF addition to the medium or by 
infection with a TGFa expression virus (i|i2TGFa) to create 
an autocrine activation system (Table 1; average numbers 
from four experiments are given). 

After infection with NTK-HERc virus (MOI of 5) and N2 
control (MOI of 20), NIH 3T3 cells formed about 250 
soft-agar colonies in the presence of 10 ng of EGF per ml. 
Upon coinfection with <|i2TGFa virus (MOI of 0.2), forma- 
tion of an average of 148 colonies was observed under 
otherwise identical conditions (Table 1). However, when 
NTK-HERc virus-infected cells were superinfected with 
either NTK-HERK721A or NTK-HERCD-533 virus (four 
cycles, MOI of 20 each), the colony-forming capacity was 
almost completely suppressed. Coexpression of EGF-R with 
the secreted extracellular domain HERCD-566 reduced the 
colony-forming capacity by about 50% when stimulated with 
added EGF and by about 33% under autocrine stimulation 
conditions after infection with t|>2TGFa vims. 

Similarly, we determined the focus-forming potential of 
NTK-HERc vims in NIH 3T3 monolayers, either in the 
presence of EGF at 10 ng/ml (resulting in an average of 920 
foci per 10 6 viruses) or after coinfection with i{i2TGFa vims 
(resulting in 480 foci per 10 6 NTK-HERc viruses). Superin- 
fection with NTK-HERK721A or NTK-HERCD-533 vims 
suppressed the number of foci by more than 90% when 
stimulated with added EGF or i|/2TGFa vims, respectively 
(Table 2). 

In contrast to the result obtained in the soft-agar colony 
formation assay, cells coexpressing wt EGF-R and HERCD- 



566 after infection with the respective vimses formed about 
the same number of foci as did EGF-R-expressing cells 
coinfected with N2 control vims, both when stimulated with 
EGF and when stimulated with *|>2TGFa vims. 

Analogous experiments with NTK-v-erbBES4 vims as the 
transforming agent demonstrated a significant inhibitory 
effect (-60%) of the HERK721A mutant in the soft-agar 
colony growth assay, which correlated with the observed 
reduction of v-<?r*BES4 phosphorylation (Table 1). A repro- 
ducible but significantly weaker inhibition of colony forma- 
tion in soft agar was obtained even with the HERCD-533 
deletion mutant (Table 1). Interestingly, however, no inhibi- 
tion by any EGF-R mutant was observed on v-er*BES4- 
induced focus formation in NIH 3T3 monolayers, even 
though the ratios of signalling-defective to transforming 
receptor vimses used in these experiments were 400:1 rather 
than 4:1 as in the colony formation experiments (Table 2). 



DISCUSSION 

RTKs represent complex biological signal-generating mol- 
ecules that span the plasma membrane and permit the cell to 
communicate with its environment. RTK signalling activities 
are regulated by conformational changes within their extra- 
cellular or cytoplasmic domains, by interactions between 
these domains across the plasma membrane barrier, and by 
intermolecular contacts with intracellular substrates and 
regulatory factors. Many details of the intricate process by 
which ligand binding on the cell surface leads to diverse 
cellular responses are still poorly understood. However, a 
wealth of experimental data supports a mechanism for the 
generation of a molecular signal by RTKs within the cell, 
which includes receptor dimerization and transphosphoryla- 
tion followed by phosphorylation of polypeptide substrates 
and interaction with cellular regulatory factors (48). 

Disruption of this process of receptor activation and signal 
generation by mutations which either impair the ligand- 
binding function of the receptor, affect its transport to the 
cell surface, prevent dimerization, inactivate its tyrosine 
kinase, or interfere with substrate interaction lead to a 
partial or complete loss of biological function (48). This 
hypothesis is supported by experimental evidence with 
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kinase-deficient and truncated receptors in vitro, in intact 
cells, and in vivo (1, 5, 18, 20, 32, 35, 36, 38, 45). 

In stable cell lines, a kinase-negative EGF-R carrying a 
point mutation in the ATP binding site was shown previously 
to be transphosphorylated by a C-tail deletion mutant and to 
reduce the response of NIH 3T3 cells to EGF (18). The use 
of recombinant retrovirus infection allowed us to modulate 
the relative expression levels of signalling-competent and 
-defective receptors and thereby facilitated quantitative 
analyses, which had been previously hampered by the clonal 
nature of doubly transfected cell lines. In such an experi- 
ment, by increasing the levels of HERK721A expression 
relative to the level of wt EGF-R in the same cells, we 
detected a proportionally elevated phosphotyrosine signal 
(Fig. 2A). This result demonstrated that the formation of 
dimers and the subsequent transphosphorylation reaction 
represented a dynamic enzyme-substrate interaction, which 
even in the intact cell appeared to be stoichiometric. Thus, at 
least for the monomelic subclass 1 receptors, a transphos- 
phory lation/acti vation cascade originating from a few ligand- 
activated molecules appears to be possible; phosphorylated 
dimers may dissociate into activated monomers, which are 
subsequently internalized and degraded. Alternatively, how- 
ever, the inability of the HERK721A receptor to phosphor- 
ylate the wt EGF-R within the dimer leads to a failure in 
creating a productive complex. Accordingly, overexpression 
of the kinase-negative EGF-R relative to intact, wt receptor 
in the same cell had a strong inhibitory effect on EGF- 
induced DNA synthesis in NIH 3T3 cells and suppressed 
two transformation parameters, soft-agar colony formation 
and focus formation, in cell monolayers with comparable 
potency. The observation that the inhibitory effects of 
HERK721A may be overcome by high ligand concentrations 
likely reflects the equilibrium between free and ligand- 
bound, wt and mutant receptors in their monomelic and 
dimeric forms and lends support to a transphosphorylation 
cascade model. 

Similar results were obtained with the receptor deletion 
mutant HERCD-533, which is missing almost the entire 
cytoplasmic portion of the receptor. Previous analyses in 
stable cell lines showed that cross-linked heterodimers be- 
tween HERCD-533 and wt EGF-R were not tyrosine phos- 
phorylated (20). In our experiments, this mutant inhibited wt 
receptor phosphorylation in a dose-dependent manner (Fig. 
2A) and potently suppressed its mitogenic and oncogenic 
signals in intact NIH 3T3 cells (Fig. 3; Tables 1 and 2). 
Again, the growth-inhibitory and anti-oncogen ic effects of 
the HERCD-533 mutant could be prevented by overstimu- 
lation of cells with high ligand concentrations. Thus, the 
deletion mutant behaves similarly to the kinase-defective 
point mutant under comparable expression conditions in 
intact cells. Since the HERCD-533 deletion mutant displays 
an approximately 30-fold-lower affinity for EGF than does 
the wild-type receptor (29), it is highly unlikely that the 
observed inhibitory effects are the result of competition for 
the ligand. 

Interestingly, coexpression of wt EGF-R with a fourfold 
excess of the soluble extracellular domain did not inhibit wt 
receptor phosphorylation in intact cells and had no detect- 
able effects on EGF-induced proliferation or focus forma- 
tion. These findings were inconsistent with earlier reports 
that demonstrated heterodimer formation of soluble EGF-R 
extracellular domain with wt receptor and suppression of its 
kinase activity in vitro (1, 27). Soft-agar colony formation 
experiments with the soluble, extracellular domain, how- 
ever, demonstrated a partial (33 to 50%) inhibition of EGF- 



or TG Fa-stimulated transforming activity. The soft-agar 
growth conditions may prevent rapid diffusion of secreted 
extracellular domain molecules, which accumulate near the 
cell surface and eventually reach inhibitory concentrations. 
These levels could not be attained with monolayer cultures 
under normal experimental conditions for focus formation. 
Analogously, A431 epidermoid carcinoma cells, which be- 
cause of gene amplification and rearrangement overexpress 
the EGF-R and produce a soluble form of EGF-R, are still 
tumorigenic (47). 

Transformation by the avian v~erbBES4 oncogene prod- 
uct, as measured by soft-agar colony formation, was sup- 
pressed (60%) by the kinase-negative HERK721A mutant 
and less efficiently (30%) by the HERCD-533 mutant. For 
the kinase-defective receptor, this effect correlated with 
a decrease of v-er6BES4 protein phosphorylation in co- 
expressing NIH 3T3 cells. Under these conditions, 
HERK721A was found to be tyrosine phosphorylated, al- 
though at a lower stoichiometry than when coexpressed with 
comparable molar amounts of activated wt EGF-R. These 
observations suggest that the cytoplasmic domains of v-erb- 
BES4 and EGF-R are able to interact and that these inter- 
actions are sufficient for transphosphorylation. This finding 
is also consistent with our earlier results demonstrating 
transphosphorylation of the HERK721A mutant by a chi- 
meric receptor consisting of insulin receptor extracellular 
and EGF-R cytoplasmic domains (25). Although we cannot 
exclude an involvement of the extracellular or transmem- 
brane sequences present in v-*rfcBES4, the weak inhibitory 
effect of the HERCD-533 mutant on v-er*BES4-induced 
colony formation indicates that these sequences play a 
relatively minor role. Nevertheless, comparison of equiva- 
lent overexpression of HERK721 A with activated EGF-R or 
v-er&BES4 and its effect on transformation strongly supports 
a predominant role of extracellular domain determinants in 
receptor dimerization and therefore dominant-negative inhi- 
bition of signalling functions. 

Transphosphorylation of HERK721A by v-eW>BES4 and 
the reduced phosphorylation signal of p66/74 v ** rW8ES4 sug- 
gest that even this truncated oncogene product is activated 
by transphosphorylation rather than intramolecular auto- 
phosphorylation. In addition, our observations suggest that 
the formation of dimers and transphosphorylation are dy- 
namic processes in which the binding constant for dimeriza- 
tion is defined by structural determinants located in extra- 
cellular, cytoplasmic, and possibly transmembrane domains 
of the receptor. A minimization of such determinants may 
have occurred during the evolution of oncogenic receptor 
mutants, generating membrane proteins that can transiently 
dimerize and become transphosphorylated, without subse- 
quent removal from the cell surface. This would lead to 
constant reactivation of the oncogenic signal despite the 
presence of cellular tyrosine phosphatases. 

None of the EGF-R mutants had a significant effect on 
v-ir6BES4-induced focus formation. This finding may indi- 
cate that there is no quantitative correlation between phos- 
phorylation levels and this biological response. Alterna- 
tively, a secreted molecule could be involved which 
accumulates in soft agar and causes inhibition of transfor- 
mation but fails to reach a critical concentration in mono- 
layer cultures. 

In summary, EGF-R mutants with either a defective 
kinase or large cytoplasmic domain deletions exhibited an- 
tiproliferative and anti-oncogenic potencies in intact cells in 
culture. These effects are likely analogous to those evoked 
by certain mouse W locus mutations, as well as genetic 
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lesions identified in association with syndromes of insulin 
resistance in humans (46). The capacity of mutant RTKs to 
inhibit wt receptor signals may have great potential for the 
investigation of the biological roles of the many members of 
this family; such function knockout experiments offer many 
of the possibilities otherwise achieved by gene knockout, 
using the homologous recombination approach. Moreover, 
these mutant receptors serve as potential therapeutic options 
for the cure of malignant cancer by virus-mediated therapy 
in the future. 
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ABSTRACT 

We have recently shown that epidermal growth factor (ECF) 
strongly stimulates expansion of porcine oocyte-cumulus com- 
plexes (OCCs) isolated from large follicles (>6 mm) and does 
not promote expansion of OCCs from small (3-4-mm) follicles. 
In order to elucidate the role of EGF in OCCs expansion, in the 
present study, we first examined the presence of EGF receptors 
(EGFRs) in cumulus cells isolated from follicles of different sizes. 
Surprisingly, immunoblotting showed that cumulus cells ob- 
tained from all follicular size categories contained similar 
amounts of EGFR protein. On the other hand, we found a dra- 
matic difference in the pattern of protein tyrosine phosphory- 
lation in a comparison of cumulus cells isolated from small and 
large follicles treated by EGF. Furthermore, tyrosine-phosphor- 
ylated EGFR was specifically immunoprecipitated with anti- 
phosphotyrosine antibodies from EGF-treated cumulus cells iso- 
lated from the large follicles. This result strongly indicates that 
only OCCs from the large follicles contain mature EGFRs that 
are capable of becoming activated by EGF. Remarkably, prein- 
cubation of cumulus cells from small follicles (3-4 mm) with 
FSH strongly increased EGF-stimulated tyrosine phosphorylation 
to levels comparable with OCCs from large follicles. The FSH- 
dependent activation of EGFRs was beneficial for expansion of 
OCCs isolated from the small follicles since OCCs treated se- 
quentially by FSH (3 h) and EGF (1 h) underwent expansion 
significantly better then OCCs cultured in FSH or EGF alone. 
We conclude that a FSH-dependent pathway has an important 
role in the maturation of the EGFR in cumulus cells and that 
activation of EGFR-dependent signaling is sufficient to induce 
expansion. 

cumulus cells, follicle-stimulating hormone, growth factors, oo- 
cyte development, signal transduction 

INTRODUCTION 

In mammalian ovarian follicles committed for ovulation, 
two major events occur following the preovulatory surge' 
of gonadotropins. The residing oocytes resume and com- 
plete meiotic maturation and the cumulus cells, represent- 
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ing several layers of granulosa cells surrounding the oocyte, 
undergo a process of expansion. The morphology of cu- 
mulus cells changes dramatically, inclusive of an extensive 
rearrangement of cytoskeleton, namely assembly of actin 
microfilaments [1-3]. This process is followed by increased 
synthesis of hyaluronic acid-enriched extracellular matrix 
[4-6] and modification of the gap junctions between cu- 
mulus cells and the oocyte [7]. Presumably, the expansion 
facilitates release of the oocyte-cumulus complexes (OCCs) 
from the follicles during ovulation, their capture by ovi- 
ductal fimbria, and a passage through the oviduct [8] and 
maintains viability of the ovulated oocytes within the ovi- 
duct [9]. In addition, expansion of the cumulus creates the 
proper microenvironment for sperm activation and motility 
[10, 11]. Therefore, the expansion is crucial for oocyte fer- 
tilization under both in vivo and in vitro conditions. Better 
understanding of mechanisms regulating cumulus expan- 
sion will thus lead to improvement of conditions for suc- 
cessful maturation and fertilization of mammalian oocytes 
under in vitro conditions. 

In vitro, cumulus expansion can be induced by FSH [5, 
6], and in mouse, pig, cattle, and rabbit, also by epidermal 
growth factor (EGF) [12-16]. The intrinsic tyrosine kinase 
of EGF-receptor (EGFR) is activated by binding of EGF, 
resulting in EGFR autophosphorylation and subsequent ty- 
rosine phosphorylation of numerous substrates within the 
cell [17]. The tyrosine phosphorylation of the EGFR en- 
ables interaction with exchange proteins and a downstream 
activation of several signaling pathways, including mito- 
gen-activated protein (MAP) kinase [18], phosphoinositol 
3-kinase [19], STAT [20, 21], and phospholipase Cy [22] 
pathways. So far, it is not known what signaling pathway 
is involved in regulation of EGF-stimulated cumulus ex- 
pansion. 

Recently, we reported that expansion of cumulus cells 
in the pig is developmentally regulated; while EGF stimu- 
lates expansion of OCCs originating from large antral and 
preovulatory follicles, OCCs from small follicles (<4 mm) 
do not expand following EGF treatment [3]. We have also 
shown that the failure of porcine OCCs from the small fol- 
licles to undergo expansion is accompanied by their in- 
ability to undergo rearrangement of F-actin and increase 
production of hyaluronic acid following EGF stimulation 
[3]. Nevertheless, these OCCs were able to respond to FSH 
and undergo full expansion accompanied by rearrangement 
of F-actin and increased secretion of hyaluronic acid. 
Therefore, we supposed that the failure of porcine OCCs 
to respond to EGF was caused by the absence or immaturity 
of EGFR. Alternatively, the absence of response to EGF 
could result from insufficient development of an EGFR 
downstream pathway. 

Here we report that, while only expansion-capable OCCs 
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from large follicles respond to EGF by a prominent tyrosine 
phosphorylation of EGFR, the amount of EGFR protein is 
comparable in OCCs from all follicle sizes. We also provide 
evidence that pretreatment of OCCs from small follicles by 
FSH strongly increases their response to EGF both in terms 
of EGFR tyrosine phosphorylation and OCCs expansion, 
indicating that the function of EGFR in OCC expansion is 
FSH dependent. 

MATERIAL AND METHODS 

Chemicals, Supplies, and Antibodies 

Culture medium M-199 with Hanks balanced salt solution was pur- 
chased from Sevac (Prague, Czech Republic), fetal calf serum (FCS) from 
Veterinary University in Brno (Czech Republic), culture dishes from Nun- 
clon (Roskilde, Denmark), human recombinant FSH from N.V. Organon 
(Oss, Netherlands), human recombinant EGF from Genzyme Diagnostics 
(Russelheim, Germany), polyvinyl]' dene difluoride (PVDF)-membrane Im- 
mobilon-P from Millipore (Bedford, MA). We used monoclonal antiphos- 
photyrosine antibodies PY 20 from Transduction Laboratories (Lexington, 
KY) and PT 66 from Sigma-Aldrich (Prague, Czech Republic). Rabbit 
anti-EGFR antibody was from Santa Cruz Biotechnology (Santa Cruz, 
CA). Peroxidase-conjugated anti-mouse or anti-rabbit IgG and D-[6- 3 H] 
glucosamine hydrochloride were from Amersham (Uppsala, Sweden). The 
enhanced chemi luminescence (ECL) kit was purchased from Amersham 
and protein G agarose beads (P 4691) from Sigma-Aldrich. All other listed 
chemicals were purchased from Sigma-Aldrich. 

Isolation and Culture of Oocyte-Cumulus Complexes, 
Cumulus, and Mural Granulosa Cells 

Ovaries of slaughtered gilts were collected at a local abattoir and trans- 
ported to the laboratory in a thermos. OCCs were released from follicles 
by aspiration and washed in M-199 supplemented with 6.25 mM Hepes, 
20 mM sodium bicarbonate, 0.91 mM sodium pyruvate, 1.62 mM calcium 
lactate, and antibiotics. OCCs were isolated from 3-4-mm and 6-7-mm 
follicles, which we will refer to as small and large follicles, respectively. 

Only OCCs surrounded by compact multilayered cumulus were se- 
lected for experiments; special attention was paid to selecting OCCs with 
the same size of cumulus within each experimental group. Twenty OCCs 
were cultured in 1 ml M-199 with 5% fetal calf serum in four-well dishes 
at 38.5°C, 5% C0 2 in air. To stimulate expansion of cumulus cells, the 
culture medium was supplemented with FSH or EGF at a concentration 
of 10 ng/ml, as reported previously [3]. 

To quantify EGFR on different types of cells during follicular growth, 
we prepared samples with defined numbers of cumulus and mural granu- 
losa cells. For this purpose, we isolated OCCs and pieces of mural gran- 
ulosa cells (about 300 |un in diameter) from 1-2-, 3-4-, and 6-7-mm 
follicles by the procedures described above. Cumulus cells, stripped me- 
chanically from 50-100 OCCs, or 100 pieces of mural granulosa cells 
were vortexed in 0.5 ml of calcium and magnesium- free PBS with 3 mg/ 
ml polyvinylpyrrolidone in a tube for 1 min to prepare the cell suspension. 
1 he number of cells in the suspension was determined by hemacytometer 
and the volume adjusted to contain 5 X 10 4 cells. The tube was centrifuged 
at 3000 rpm for 3 min, the excess PBS removed, and samples processed 
for immunoblotting with EGFR antibodies. 

Assessment of Cumulus Expansion 

Cumulus expansion was assessed 24 h after the onset of culture using 
a subjective scoring method [23]. Briefly, no response was scored as 0, 
minimum observable response was scored as I, expansion of outer OCCs 
layers was scored as 2, expansion of all OCCs layers except the corona 
radiata was scored as 3. and expansion of all OCCs layers was scored as 4. 

Production of Hyaluronic Acid by OCCs 

Total hyaluronic acid (released in culture medium and retained by 
OCCs) was measured in this experiment. Groups of 10 OCCs were cul- 
tured in 100 uJ of the culture medium supplemented with 2.5 u,Ci of D- 
I6-'H]glucosamine hydrochloride. The cultures were terminated by adding 
10 u-l of a solution containing 50 mg/ml pronase and 10% Triton X-100 
in 0.2 M Tris buffer. pH 7.8. The samples were incubated for 2 h at 38°C 
and then transferred to Whatman 3MM filter paper disks. The disks were 



air dried and then washed three times in 0.5% cetylpyridinium chloride 
with 10 mM nonradioactive glucosamine hydrochloride for 45 min each. 
The disks were dried once again, and radioactivity was measured using a 
liquid scintillation counter. 

Immunoblotting 

At selected intervals, groups of OCCs or defined numbers of cumulus 
and mural granulosa cells were lysed in 15 u.1 of sample buffer for SDS 
PAGE [24], heated at 100°C for 3 min, and stored at -80°C until use. 
Proteins of the samples were separated on 7% poly aery lam ide gel modified 
as described [25] and transferred to PVDF membrane. Blots were blocked 
1 h with 5% FCS and incubated 2 h with antiphosphotyrosine or anti- 
EGFR antibody. After incubation with secondary antibodies (1:5000) for 
I h, blots were extensively washed and signal developed by ECL. Follow- 
ing detection of phosphotyrosine, antibodies were stripped in some exper- 
iments by incubation of blots in 25 mM TRIS with 2% P-mercaptoethanol 
and 0.2% SDS at 70°C for 20 min. The blots were then reprobed with 
anti-EGFR antibody as described above. The intensity of the bands was 
analyzed by densitometry using the Advanced Image Data Analyzer soft- 
ware (Raytcst Isotopcnmessgcracte GmbH, Strawbenhardt, Germany). Af- 
ter detection, the blots were stained by Coomassie blue to assess amount 
of proteins in each lane. 

Immunoprecipitation 

Cumulus cells (3 X lOVsample) were lysed in 0.3 ml ice-cold buffer 
A (50 mM Hepes. pH 7.5, 1% NP-40, 150 mM NaCl, 0.5% sodium de- 
oxycholate, I mM sodium vanadate, ImM 4-(2-aminoethyl) benzensul- 
fonyl fluoride, 1 mM p-nitrofenylphosphate, 0.2 u.M aprotinin, 2 p,M leu- 
peptin, and 30 u,M tosyl-L-phenylalanine) [26] for 25 min. The cell lysate 
was centrifuged and precleared by incubation with 5 uJ protein G agarose 
beads for 60 min at 4°C. After preclearing, the lysates were centrifuged 
at 10 4 rpm and supernatants transferred to new tubes. Antiphosphotyrosine 
PY 20 was added to cell lysates (2 uJ/sample) and incubated for 2 h. The 
lysates were then supplemented with 5 u.1 protein G and incubated on a 
rotator at 4°C overnight. Beads were washed five times with 0.2 ml buffer 
A, immune complexes were extracted by boiling with 2X concentrated 
SDS sample buffer, and samples were processed for immunoblotting as 
described above. 

Statistics 

Analysis of variance (ANOVA) was used to compare results of den- 
sitometry on immunoblots and production of hyaluronic acid. The chi- 
square test for independence and Fisher exact test were used to analyze 
data on the expansion of OCCs. The differences were considered signifi- 
cant when P < 0.05. 

RESULTS 

OCCs Isolated from Small and Large Follicles Contain 
Similar Amounts of EGFR 

Immunoblotting with EGFR antibodies revealed that 
OCCs isolated from follicles of all size categories contain 
similar amounts of 170 kDa EGFR (Fig. 1). In contrast, the 
amount of EGFR protein in mural granulosa cells decreased 
by 30% with increasing follicle size. No signal of EGFR 
was detectable in oocytes. Thus, we concluded that the fail- 
ure of OCCs from small follicles to expand after EGF treat- 
ment reported previously [3] was not caused by the absence 
or lower numbers of EGFRs in the cumulus cells. 

EGF Induces Tyrosine Phosphorylation of EGFR 
and Other Cumulus Cell Proteins 

EGF treatment of OCCs from large follicles induced ro- 
bust and reproducible tyrosine phosphorylation of a number 
of proteins (Fig. 2 A, top). Particularly prominent appeared 
to be the phosphotyrosine content of 42-, 11 6-, and 170- 
kDa proteins. As expected, based on the size of pig EGFR 
[27], the 170-kDa tyrosine phosphorylated protein exactly 
comigrated with the signal of the EGFR (Fig. 2A, bottom). 
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FIG. 1 . The comparison of EGFR content in oocytes and cumulus and 
mural granulosa cells by immunoblotting with anti-EGFR antibodies. A) 
A typical result showing detection of EGFR in samples containing extracts 
of 50 oocytes (lane 1; OO) and of 5 x 10" cells (lanes 2-6; CC, cumulus 
cells; MC, mural granulosa cells), respectively. The size of respective fol- 
licles (mm) is shown above individual lanes; the position of molecular 
weight markers is shown on the left. B) Quantification of EGFR on im- 
munoblots by densitometry. Results of three experiments as shown in A 
are summarized and expressed in arbitrary units as a mean ± SEM Note 
the absence of detectable EGFR in oocytes and a decrease of EGFR con- 
tent in mural granulosa cells with follicle growth compared with its stable 
expression in cumulus cells. Bars with no common letters indicate sig- 
nificant differences (P < 0.05). 



Immunoprecipitation with antiphosphotyrosine antibody 
followed by development of blots with EGFR antibody 
confirmed that the 1 70-kDa phosphoprotein is indeed iden- 
tical to EGFR (Fig. 2B). The ability of EGF to stimulate 
expansion of cumulus celts is therefore likely to be specif- 
ically transduced by the action of 1 70-kDa EGFR that be- 
comes transiently phosphoryiated on tyrosine upon activa- 
tion. This result also suggests that the tyrosine phosphor- 
ylation of many other proteins that we have detected is 
specifically linked to the tyrosine kinase activity of EGFR 
itself or of kinase(s) regulated by EGFR. 

EGF- Induced Protein Tyrosine Phosphorylation 
in Cumulus Cells Is Follicle-Size Dependent 

Next, we assessed the pattern of tyrosine phosphoryla- 
tion of the EGFR in cumulus cells isolated from small and 
large follicles. In cumulus cells from the small follicles, the 
phosphorylation of the EGFR occurred within 1-3 min, 
reaching approximately a 2-fold increase over the basal lev- 
el (Fig. 3, A and B). On the contrary, in cumulus cells from 
t.he large follicles, the pl70/EGFR tyrosine phosphorylation 
increased 10-1 2-fold over the basal level at 10 min after 
stimulation. In OCCs from both small and large follicles, 
the EGF-stimulated pI70/EGFR tyrosine phosphorylation 
returned to the basal level within 1 h, with a sharp drop by 
30 min after the start of activation (data not shown). Im- 
portantly, the low level of EGFR tyrosine phosphorylation 
correlated with the inability of cumulus cells from small 
follicles to undergo expansion after EGF stimulation re- 
ported previously [3]. 
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FIG. 2. Treatment of OCCs from large follicles with EGF induces tran- 
sient tyrosine phosphorylation of EGFR. A) Top: Detection of phosphoty- 
rosine in samples of 50 OCCs at various times after the start of EGF. 
Proteins (pi 70, p116, p42) displaying particularly prominent tyrosine 
phosphorylation are marked on the right of the immunoblot, molecular 
weight standards on the left. Bottom: Blot with stripped antiphosphoty- 
rosine antibodies was reprobed with anti-EGFR antibody. The position of 
the EGFR matched with the position of 1 70-kDa protein. Note transient 
shift in electrophoretic mobility of the phosphoryiated EGFR at 3-10 min 
after EGF addition, coinciding with strongest phosphotyrosine signal of 
p1 70 in top panel. B) Immunoprecipitation confirms that EGFR from EGF- 
treated cumulus cells are phosphoryiated on tyrosine. Cumulus cells (3 
x 10 s ) from large follicles were stimulated with EGF for 10 min, their 
extracts immunoprecipitated with antiphosphotyrosine antibody and im- 
munoblots developed with anti-EGFR antibody. Lane 1: control sample 
processed without antiphosphotyrosine antibody; lane 2: cells precipitat- 
ed with antiphosphotyrosine antibody. Positions of molecular weight 
markers are on the left. Experiments were done in three replicates and 
representative results are shown. 

FSH Enhances EGF-lnduced Phosphorylation of EGFR 

FSH is known to increase binding of EGF to granulosa 
cells and to induce and maintain EGFR in the follicle [28- 
31]. We therefore examined what the effect of FSH is on 
the pattern of tyrosine phosphorylation of EGFR in cu- 
mulus cells of small follicles. OCCs from small follicles 
were cultured in medium with or without FSH for 3 h and 
were stimulated by EGF afterward. In control groups pre- 
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The EGF-induced pi 70/EGFR tyrosine phosphorylation is regulated developmentally and promoted by FSH treatment in vitro. A) OCCs isolated 
from small and large follicles were treated with EGF and pi 70/EGFR tyrosine phosphorylation detected on immunoblots with phosphotyrosine antibodies 
at various times after the start of EGF treatment. B) Quantification of three experiments as shown in A by densitometry. Note that EGF induced 5-6- 
fold lower tyrosine phosphorylation of p170/ECFR in OCCs isolated from 3-4 mm as compared with OCCs from 6-7 mm follicles. C) Comparison of 
EGF induced pi 70/EGFR tyrosine phosphorylation in OCCs from 3-4-mm follicles that either were (right lanes) or were not (left) treated with FSH D) 
Quantitative summary of three replicates of experiments shown in C. The samples in A and C contained 15 OCCs/lane and represent three parallel 
experiments with similar results. Densitometric quantification shown in B and D is expressed as a fold-increase over the basal level detected in OCCs 
at Time 0, ± SEM. Dftferent letters above bars indicate significant differences (P < 0.05, at least). 



incubated without FSH, the phosphorylation of EGFR in- 
creased about 2-fold over the base level. However, in the 
group of OCCs preincubated with FSH, the EGF-induced 
tyrosine phosphorylation of EGFR was about 9-fold over 
the base level, and the overall pattern of tyrosine phos- 
phorylation resembled EGF-treated OCCs from large fol- 
licles (Fig. 3, C and D). FSH itself did not affect tyrosine 
phosphorylation of EGFR (Fig. 3C). In summary, these re- 
sults suggest that FSH treatment in vitro is sufficient to 
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FIG. 4. FSH treatment does not significantly increase EGFR expression 
in OCCs from small follicles. A) OCCs isolated from 3-4-mm follicles 
were treated as indicated and immunoblotted with EGFR antibody. Each 
lane represents 50 OCCs and shown is a result representative of three 
replicates. Positions of molecular weight markers (kDa) are on the left. B) 
The results of experiments in A were quantified by densitometry and EGFR 
concentration is expressed in arbitrary units ± SEM. Bars with no com- 
mon letters indicate significant differences (P < 0.05). 



induce development of a mature EGF response in cumulus 
cells of small follicles. This effect of FSH was not caused 
by increasing numbers of EGFRs on cumulus cells during 
the time of preincubation (Fig. 4). 

FSH-Enhanced Phosphorylation of EGFR Promotes 
Expansion of OCCs 

In the next experiment, we asked whether sequential 
treatment by FSH and EGF promotes production of hyalu- 
ronic acid and expansion of OCCs from small follicles. As 
expected, based on our previous results [3], OCCs from 
small follicles did not expand following stimulation by 
EGF alone, irrespective of the length of stimulation (1 or 
24 h; Fig. 5A). In contrast, more than 85% of OCCs cul- 
tured in FSH-supplemented medium for 24 h underwent 
expansion. Thirty percent of OCCs cultured in FSH for 4 
h and subsequently in control medium for 20 h underwent 
expansion, while sequential treatment with FSH (3 h) fol- 
lowed by EGF (1 h) and control medium (20 h) induced 
expansion in 53% of OCCs (P < 0.05). In concert with 
these data, production of hyaluronic acid was significantly 
higher in OCCs stimulated by the sequential treatment than 
in OCCs stimulated by FSH or EGF (Fig. 5B). The FSH- 
dependent development of a mature level of EGF-induced 
EGFR phosphorylation (Fig. 3C) is therefore strongly cor- 
related with increased ability of OCCs to produce hyalu- 
ronic acid and to undergo expansion. 

EGFR Tyrosine Kinase Activity Is Essential 
for EGF-induced Expansion of OCCs 

The results of the above experiments suggest that activ- 
ity of the intrinsic EGFR-tyrosine kinase is involved in reg- 
ulation of EGF-induced expansion. To confirm this, we as- 
sessed the effect of EGFR-tyrosine kinase-specific inhibitor 
tyrphostin 46 [32] on expansion of porcine OCCs from 
large follicles. As shown in Figure 6, tyrphostin inhibited 
expansion in a dose-dependent manner, with full inhibition 
at a concentration of 10 |xM. 
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FIG. 5. FSH and EGF act synergistically to promote production of hyaluronic acid and expansion of OCCs from small follicles. OCCs obtained from 
3-4-mm follicles were treated by FSH and EGF for indicated periods of time, washed, and cultured in control medium. A) The percentages of OGCs 
displaying expansion 2-4 times (see Materials and Methods) were scored at 24 h of culture in all groups. Experiment was repeated three times using 
528 OCCs in total. B) OCCs were cultured for the last 20 h of culture in control medium with D-[6- 3 H] glucosamine hydrochloride. Production of 
hyaluronic acid is expressed in cpm for 10 OCCs ± SEM (three replicates). HA, Hyaluronic acid; C, control medium without FSH and EGF. Bars with 
different superscripts are significantly different [P < 0.05). 



DISCUSSION 

Our data proved that EGFRs are present on cumulus 
cells of both small and large follicles in similar quantities. 
This is in accord with the data obtained by Singh et al. 
[33], who detected, by RT-PCR and immunostaining, 
EGFR on porcine cumulus, granulosa, and theca cells of 
all follicle stages. These results suggest that the failure of 
EGF to stimulate expansion of OCCs isolated from the 
small follicles is not caused by an absence of the EGFR. 

EGF binding to its receptor causes activation of the in- 
ninsic receptor tyrosine kinase, which results in autophos- 
phorylation of the EGFR [17]. Tyrosine kinase activity of 
EGFR is essential for activation of the downstream signal- 
ing pathways [18, 20, 34, 35], regulation of gene expression 
[36, 37], cell proliferation [35], and apoptosis [38]. Also, 
effects of EGF on regulation of bovine oocyte maturation 
[39] and EGF-induced production of hyaluronic acid by 
mouse OCCs [40] are mediated through a tyrosine kinase 
pathway. Similarly, we found in the present study that tyr- 
phostin 46 is able to eliminate EGF-induced expansion of 
porcine OCCs, providing evidence that tyrosine kinase ac- 
tivity is required in this process. 

We found three cumulus cell proteins heavily phosphor- 
ylated on tyrosine residues after stimulation with EGF. First 
was a protein of 170 kDa, which showed the highest in- 
crease in phosphorylation and which we identified in the 
next experiments as the EGFR; second was a protein of 
1 16 kDa that showed a similar pattern of phosphorylation 
as the EGFR. We assume that this protein may be the prod- 
uct of the Cbl proto-oncogene that was also identified as a 
1 1 6-kDa tyrosine phosphorylated protein in a variety of 
EGF-stimulated cells [41, 42]. Finally, the 42-kDa protein 
might be identical to the MAP kinase because it comigrated 
on one-dimensional immunoblots with activated ERK-2 
protein (data not shown). 

The comparison of tyrosine phosphorylation of EGFR 
localized on small and large follicles indicates that the ex- 
tent of EGFR phosphorylation may play a pivotal role in 
regulation of EGF-stimulated expansion of OCCs. Only ex- 
panding cumulus cells from large follicles contained EGFR 
capable of extensive tyrosine phosphorylation following 
stimulation by EGF. In contrast, EGFR in nonexpanding 
cumulus cells from small follicles exhibited only low levels 
of EGF-induced tyrosine phosphorylation. There are sev- 
eral possible explanations of this feature. 



OCCs from small follicles may contain EGFR with a 
decreased binding of EGF. To our knowledge, no data on 
EGF binding capacity of cumulus cells during folliculoge- 
nesis have been reported so far. In mural granulosa cells, 
the EGFR binding capacity was primarily affected by their 
luteinization and decreased with follicle enlargement due 
to a decrease in receptor number with no change in receptor 
affinity [28]. However, it is unlikely that a similar scenario 
would apply in the case of cumulus cells that are under the 
influence of oocyte-secreted paracrine factors preventing 
them from luteinization [23]. Indeed, our immunoblotting 
data revealed that EGFR concentration decreases in mural 
granulosa cells and remains stable in cumulus cells during 
follicular growth. 

Although all EGFRs in EGFR-expressing cells are mo- 
lecularly identical, they can be divided into two classes that 
have either low or high affinity to EGF [43]. The mecha- 
nisms responsible for transmodulation of EGFR have been 
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FIG. 6. EGFR tyrosine kinase inhibitor tyrphostin 46 inhibits EGF-stim- 
ulated expansion. OCCs isolated from 6-7-mm follicles were treated with 
EGF and indicated concentrations of tyrphostin 46. The control group of 
OCCs (0 jlM) was cultured in medium with 0.1% DMSO that was used 
to dissolve the tyrphostin. Percentages of OCCs displaying expansion 2- 
4 times (see Material and Methods) were scored 24 h after the onset of 
culture. Bars with different superscripts are significantly different (P < 
0.05). The experiment was repeated three times using 226 OCCs in total. 
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extensively studied but remain still unclear. The increase in 
the fraction of high-affinity EGFR, associated with a high 
level of EGF-induced autophosphorylation, was attributed 
to binding of the EGFR to filamentous actin [44]. However, 
removal of the actin-binding site from the receptor did not 
affect the affinity of EGFR to EGF [43]. Next, EGFR can 
form homodimers or heterodimers with other members of 
the EGFR family, including ErbB2 [45], These dimeric 
forms of EGFR were shown to bind EGF with high affinity 
[46, 47]. On the other hand, substances that disrupt high- 
affinity EGF-EGFR interaction in HeLa cells had no effect 
on the EGFR homo- or heterodimerization [48]. Instead, 
the presence of specific EGFR-affinity modulating proteins 
has been suggested [43, 48]. This idea is supported by the 
discovery of a peptide that induces conformational change 
of the EGFR and thus provides access to additional tyrosine 
autophosphorylation sites [49]. In addition, tyrosine kinase 
activity of the EGFR was enhanced 10- fold after binding 
with the oncogenic form of c-Cbl in EGF-stimulated lym- 
phoma cells, suggesting that Cbl protein acts as a regulator 
of receptor tyrosine kinases [50]. We propose that one of 
these mechanisms may be responsible for the differing ex- 
tents of phosphorylation of EGFR in cumulus cells from 
small and large follicles. It should be noted at this point 
that, in our experiments, the extensive phosphorylation of 
EGFR was regularly accompanied by increased tyrosine 
phosphorylation of the 116-kDa protein, which, as dis- 
cussed above, may be identical to the Cbl. 

Gonadotropins and EGF have a synergistic effect on the 
range of functions of follicular cells. FSH was shown to 
increase the number of EGFRs and binding of EGF on cul- 
tured granulosa cells in a dose-dependent manner [28-31, 
51]. In our experiment, we demonstrated that FSH pro- 
motes maturation of the EGF-response pathway in OCCs 
from small follicles, as evidenced by a strong increase in 
EGF-induced EGFR tyrosine phosphorylation, production 
of hyaluronic acid, and OCCs expansion. Surprisingly, a 3- 
h preincubation of OCCs in FSH-supplemented medium 
was sufficient to induce a significant increase in EGFR 
phosphorylation without an increase in EGFR concentra- 
tion. These data indicate that FSH may be implicated in 
mechanism(s) regulating EGFR tyrosine phosphorylation in 
porcine cumulus cells. We suggest that FSH-dependent 
maturation of EGFR may also function in vivo and regulate 
expansion of cumulus cells in preovulatory follicles. 
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